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dy on the treatment of acid mine
drainage by modified corncob fixed SRB sludge
particles

Yan-Rong Dong,a Jun-Zhen Di, *a Ming-Xin Wangb and Ya-Dong Rena

In view of the characteristics of high content of SO4
2�, Fe2+ and Mn2+ in acid mine drainage and low pH

value, based on the microbial immobilization technology, the single factor test and the orthogonal test

were set respectively to determine the optimum alkaline H2O2 modification conditions for corncob.

Then combining with sulfate reducing bacteria sludge, the modified corncob immobilized SRB sludge

particles were prepared to treat acid mine drainage. On this basis, three dynamic column test models,

including Column 1 without corncob particles, Column 2 with unmodified corncob particles, and

Column 3 with modified corncob particles, were constructed. Through dynamic experiments, the three

dynamic columns were compared to study the efficacy of AMD and their ability to resist changes in

pollution load. The results of the orthogonal experiment showed that: when the corncob modified time

was 24 h, the concentration of NaOH was 6% and the concentration of H2O2 was 1.5%, the prepared

immobilized particles performed best. The results of the dynamic test showed that the treatment effect

of Column 3 on AMD was better than that of Column 1 and 2. In the dynamic tests before and after the

increase of pollution load, the highest removal percentages of SO4
2�, Mn2+, Fe2+ in Column 3 were

72.65%, 56.72%, 62.47% and 62.58%, 30.07%, 46.87% respectively, the average COD emission was

234 mg L�1 and 102.75 mg L�1, the effluent pH value was 6.96 and 6.65. In the dynamic tests before and

after the increase of pollution load, the highest removal percentages of SO4
2�, Mn2+, Fe2+ in Column 2

were 52.94%, 46.93%, 72.55% and 48.92%, 26.43%, 43.23% respectively, the average COD emission was

508.14 mg L�1 and 152.88 mg L�1, the effluent pH value was 6.56 and 6.36. The high COD value of

Column 2 is due to the organic matter leakage and poor metabolic activity of SRB contained in

immobilized particles. Therefore, it indicated that Column 3 could better treat pollutants and resist

changes of pollution load.
Introduction

Acid Mine Drainage (AMD) has the pollution characteristics of
acidic pH, high heavy metal ions and high sulfate concentra-
tion. Arbitrary disposal of AMD will cause great pressure on
water resources, and will also cause extremely serious conse-
quences for the ecological environment.1–3 In view of the
pollution problem caused by AMD, the relevant scholars have
carried out a lot of research work on governance and restora-
tion. At present, the basic methods of treatment are the
neutralization method,4 the articial wetland method5 and the
microbial method.6 The application of the neutralization
method and the articial wetland method has been limited due
to the production of a large amount of solid waste or poisonous
and harmful gases.7,8 The Sulfate Reducing Bacteria (SRB)
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immobilization technology overcomes the limitations of tradi-
tional repair technology. Allowing the SRB and nutrients to be
highly aggregated, the SRB immobilization technology has the
advantages of strong adaptability, low processing cost, less
pollution caused by secondary pollution, recyclable element
metal ions and simple operation,9 so it has attracted much
attention from academia, at present.

The research of SRB immobilization technology focuses on
immobilized materials. Zhang Mingliang10 prepared SRB
immobilized particles with heavy metal resistance from poly-
vinyl alcohol (PVA), sodium alginate, iron powder and silica
sand. The particles have a good removal effect on Fe, Cu, Zn and
Cd. However, the particle still uses the conventional carbon
source lactic acid as a carbon source for the growth of the
immobilized microorganism, so it cannot effectively release the
carbon source slowly. Therefore, selection and optimization of
slow-release organic carbon source materials have become
a difficult point in the research of SRB immobilizationmethods.
Microbial growth requires a carbon source, and it is susceptible
to external conditions.11 In order to get a better treatment effect,
This journal is © The Royal Society of Chemistry 2019
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cohesive carbon source is an ideal method. Jiang Fu12 prepared
SRB sludge immobilized particles with corncob as the carbon
source to deal with AMD. According to the results, the removal
percentages of SO4

2� and Mn2+ in AMD were 94.13% and
84.39% respectively, and the pH value of effluent was 7.03. The
results showed that this method had some effect on AMD
treating. But the COD value of the effluent aer treatment was
still high, indicating that the corncob could not be fully utilized,
and the corncob did not achieve the desirable sustained release
effect.

Corncob is mainly composed of cellulose, hemicellulose,
lignin, ash and pectin.13 Since the microbes can use the soluble
carbon source and the easily decomposable substance in the
corncob at the beginning of the reaction, the microbial meta-
bolic rate is higher during the time. But hemicellulose is easy to
hydrolyze, and the amount of carbohydrate released is large and
concentrated, so it is unfavorable to slow release control of
biomass carbon source.14 The carbon source required for the
microorganism at the later stage of the reaction must be ob-
tained by decomposing insoluble cellulose. But because of the
inuence of lattice structure, and the cross-linking effect of
cellulose, hemicellulose and lignin, which is not conducive to
the decomposition of carbon source,15 of the carbon supply is
inappropriate in the later. Therefore, SRB metabolic rate
decreased, and it is not conducive to treatment of AMD. Rele-
vant scholars transformed organic matter components such as
cellulose, hemicellulose and lignin in corncob with modied
methods to improve the utilization rate of organic matter in
corncob and control the release of carbon source. Until now
they have achieved good results. R. L. Tseng16 studied the
adsorption properties of phenol and methylene blue by modi-
fying the corncob with KOH solution as an activator. The results
show that the regular surface shape of corncob honeycomb was
favorable for the formation of micropores and increased surface
area. So the performance of pollutants adsorption was signi-
cantly enhanced. Zhao Wenli17 modied corncob by combining
alkaline hydrogen peroxide (containing 1.5% of H2O2 NaOH
solution) and UV irradiation to investigate the carbon release
from corncob, denitrication and microbial attachment. The
results showed that the availability and denitrication efficiency
of modied corncob were improved remarkably, and the
removal percentage of nitrate still kept more than 90% aer 41
days of static denitrication.

Based on the above, this paper proposed to modify corncob
with alkaline H2O2 to obtain an effective slow release carbon
source. Alkaline H2O2 modied corncob material was prepared
by single factor test and orthogonal test. The modied corncob
xed SRB sludge particles were prepared by using modied
corncob and SRB as materials. The above immobilized particles
were used to treat AMD. The optimal modication conditions of
modied corncob material required for the preparation of
immobilized particles was determined by the changes of COD
release, SO4

2� removal percentage and Fe2+ removal percentage
in the solution. By modifying the corncob material in the
immobilized particles, the treatment efficiency of the immobi-
lized particles is enhanced, the adaptability of the immobilized
particles is improved, and the carbon source in the particles can
This journal is © The Royal Society of Chemistry 2019
be released long-term, effectively and slowly. And on this basis,
three groups of dynamic columns, containing non-corncob,
unmodied corncob and modied corncob were constructed.
The effects of three particle systems on AMD treatment and
their impact load resistance were compared and analyzed under
different pollution load conditions. Finally, the internal mech-
anism of pollutant removal by the immobilized particles was
further studied by XRD and SEM analysis of the particles before
and aer the reaction. The study is expected to provide some
scientic theoretical basis for the practical application of
modied corncob SRB sludge immobilized particles.
Methods
Experimental materials and water samples

Modied Starkey medium: 0.5 g Na2SO4, 1.0 g NH4Cl, 0.5 g
K2HPO4, 0.1 g CaCl2 H2O, 2.0 g MgSO4$7H2O, 1.2 g (NH4)2-
Fe(SO4)2$6H2O, 0.1 g ascorbic acid, 4.0 mL sodium lactate, 1.0 g
yeast extract, 1 L distilled water, pH¼ 7.0, sterilized at 121 �C for
30 min. Among them, (NH4)2Fe(SO4)2$6H2O and ascorbic acid
cannot be sterilized at high temperature, and were sterilized by
a 0.22 mm lter membrane.

SRB sludge: the thick active sediment of a river in Fuxin City
was taken as seed mud. Then it was inoculated into sterilized
modied Starkey medium for anaerobic culture. By analyzing
the black sediment amount and H2S smell in the medium, the
SRB with strong activity was enriched and cultured for use.

Corncob: the corncob in the new local farmland was taken.
Aer drying and pulverizing, the corncob particles with
a particle size of about 0.15 mm are sieved for use.

In the single factor and orthogonal experiments, the exper-
imental water samples were simulated water samples. The mass
concentrations of characteristic pollutants on SO4

2�, Mn2+ and
Fe2+ were 816 mg L�1, 6 mg L�1 and 14mg L�1, respectively, and
the pH value was 4.0.

In the dynamic column tests, the characteristic pollutants of
AMD were simulated at low and high concentrations, which
were carried out in two stages of Test I and II, and the
concentration was increased on the 8th day. The characteristic
pollutant concentration indexes of each stage are shown in
Table 1.
Experimental apparatus and method

Based on single factor experiment, orthogonal experiment,
dynamic experiment and reaction kinetics experiment, the
modied corncob SRB sludge immobilized particles were
prepared by using alkaline H2O2 modied corncob and SRB
sludge as experimental materials. By analyzing the treatment
effect of granule on AMD, the method of optimal preparation of
modied corncob SRB sludge immobilized particles was
determined. The specic experimental methods are as follows.
Preparation method of modied corncob

5 g of corncobs were placed in different concentration of alka-
line H2O2 solutions at a solid–liquid ratio of 1 : 10 (m : V, g
RSC Adv., 2019, 9, 19016–19030 | 19017
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Table 1 Two-stage water quality index of dynamic test

Project SO4
2�/(mg L�1) Fe2+/(mg L�1) Mn2+/(mg L�1) pH

Stage I 800–850 14.5–15 8.5–9 4–4.5
Stage II 1450–1500 24.5–25 13.5–14 3–3.5
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mL�1), which were modied by the oscillating reaction for
a certain time. Then modied corncob material was formed.

Preparation method of xed SRB sludge particles

Single factor experiment, orthogonal experiment, dynamic
experiment and reaction dynamics experiment all takemodied
corncob xed SRB sludge particle as materials, so the prepara-
tion methods of immobilized particles are introduced as
follows:

Preparation method of modied corncob xed SRB sludge
particles: based on the preliminary results of the research
group, the preparation method of modied corncob xed SRB
sludge particles is as follows:12 the mass fraction of 9% of PVA
and 0.5% of sodium alginate were dissolved in distilled water
and sealed at room temperature. Aer 24 hours of full swelling,
it was placed in a constant temperature water bath and stirred
at 90 �C until no bubbles were present. The modied corncob
powder with a mass fraction of 5% was slowly added to the gel,
stir well until it was evenly distributed, sealed at temperature to
37 � 1 �C. The cultured SRB sludge suspension was centrifuged
at 3000 rpm for 10 min and the supernatant was removed. The
30 mg L�1 SRB was added to the prepared gel mixture and
stirred evenly. The gel mixture was dropped into 2% CaCl2
saturated boric acid solution with a specic syringe and the
particles were removed aer 4 hours of cross-linking and stir-
ring with a 100 rpm agitator. Finally, the particles were washed
with 0.9% of saline. Before the particles were used, they were
activated in an anaerobic environment with an improved Star-
key medium solution without organic ingredients for 12 h. The
method was used in the follow-up experiments to prepare
immobilized particles.

Preparation method of unmodied corncob xed SRB sludge
particles: compared with the modied corncob xed SRB sludge
particle preparation method, the modied corncob material
was replaced by the unmodied corncobmaterial, and the other
steps were the same.

Preparation method of SRB sludge xed particles without
corncob: compared with the modied corncob xed SRB sludge
particle preparation method, no modied corncob material was
added in the gel, and other steps were the same.

Single factor experimental method

Factors and levels of single-factor experiment: in the single
factor test, alkaline H2O2 modication time, NaOH concentra-
tion and H2O2 concentration were selected as the single factors.
The modication time was set to 6 h, 12 h, 18 h, 24 h and 30 h
respectively. NaOH concentration was set at 3%, 4%, 5%, 6%
and 7% respectively. H2O2 concentration was set at 0.5%, 1%,
1.5%, 2% and 2.5% respectively.

Method: NaOH solution and H2O2 solution with different
concentrations were prepared according to the factors and
levels of the single-factor experiment. Different concentration of
NaOH solution was added to different concentration of H2O2

solution to form different concentration of alkaline H2O2

solution. According to the modied corncob preparation
method mentioned above, the corncob was placed in different
19018 | RSC Adv., 2019, 9, 19016–19030
concentrations of alkaline H2O2 solution to form the modied
corncob material required by single-factor experiment. Then
modied corncob xed SRB sludge particles were prepared
according to the preparation method mentioned above. The
corncob xed SRB sludge particles prepared under different
modication conditions were placed in 200 mL wastewater
respectively, and the water quality indexes were measured by
sampling aer reaction for a period of time. With COD release
and SO4

2� removal percentage as the main evaluation indica-
tors, the optimal conditions for corncob modication were
analyzed and determined to guide orthogonal tests.

Removal percentage ¼ [(C0 � Ct)/C0] � 100%

where, C0 and Ct are the initial concentration of ions and the
concentration aer treatment (mg L�1) respectively.
Orthogonal experimental method

The optimal preparation conditions for the alkaline H2O2

modied corncob were determined by L9 (33) orthogonal test.
Nine extractions were carried out at the modication time was
18 h, 24 h, 30 h, the NaOH concentration was 4%, 5%, 6%, and
the H2O2 concentration was 0.5%, 1%, 1.5% on the basis of the
single-factor test. The optimal modication conditions of
corncob were determined by using SO4

2� removal percentage,
Mn2+ removal percentage, Fe2+ removal percentage, COD
release amount and pH value. Among them, the calculation
formula for the removal percentage of SO4

2�, Fe2+ andMn2+ was
the same as that of the single-factor experiment.
Dynamic experimental method

Fixed SRB sludge particles without corncob, unmodied
corncob xed SRB sludge particles and modied corncob xed
SRB sludge particles were prepared by using the preparation
method of immobilized particles mentioned above (modied
corncob conditions: modication time was 24 h, NaOH
concentration was 6%, H2O2 concentration was 1.5%).

The dynamic tests adopted three groups of organic glass
tube with inner diameter of 60 mm and height of 400 mm. The
three dynamic tubes were constructed into 3 columns,
including Column 1 lled with SRB sludge xed particles
without corncob, Column 2 lled with unmodied corncob
xed SRB sludge particles, Column 3 lled with modied
corncob xed SRB sludge particles. The immobilized particles
were lled with 20 mm quartz sand of 3–5 mm in diameter on
the top and bottom, which could x and protect the particles.
The water ew in from the bottom and out from the top. The
water inlet was conducted according to Table 1. Flow rate was
This journal is © The Royal Society of Chemistry 2019
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controlled with the peristaltic pump and the ow meter as 1 �
10�5 m3 s�1. The test device is shown in Fig. 1. The test was
carried out continuously, and sampled regularly once a day to
analyze and determine water quality indicators. At 8:00 every
morning, the residual SO4

2� concentration, Fe2+ concentration,
Mn2+ concentration, COD concentration and pH value in the
effluent water of the three dynamic columns were measured,
and the removal percentage of SO4

2�, Fe2+ and Mn2+ in the
inuent water of AMD were calculated by the three dynamic
columns. Among them, the calculation formula of the removal
percentage of SO4

2�, Fe2+ and Mn2+ is the same as the single-
factor experiment.

Kinetic analysis of immobilized particles

1# modied corncob xed SRB sludge particles (modication
conditions: modication time: 24 h, NaOH concentration: 6%,
H2O2 concentration: 1.5%) and 2# unmodied corncob xed
SRB sludge particles were prepared by using the immobilized
particle preparation method mentioned above. Modied
corncob xed SRB sludge particles (1#) and unmodied corncob
xed SRB sludge particles (2#) of 20 g were added to 200 mL
simulated wastewater respectively according to the solid–liquid
ratio of 1 : 10 (m : V, g mL�1), and placed in a constant
temperature shaker of 100 rpm and 25 �C. The residual SO4

2�,
Fe2+ and Mn2+ concentrations in the wastewater were measured
by sampling at 24 h intervals, and the removal percentage and
adsorption capacity of the immobilized particles to SO4

2�, Fe2+

and Mn2+ were calculated. Among them, the calculation
formula of the removal percentage of SO4

2�, Fe2+ and Mn2+ is
the same as the single-factor experiment. The calculation
formula of adsorption capacity q is as follows:

Adsorbing capacity q ¼ [(C0 � Ct) � V]/m

where, q is the adsorption capacity of immobilized particles to
ions (mg g�1), C0 is the initial concentration (mg L�1), Ct is the
residual concentration aer treatment (mg L�1), V is solution
volume (L), m is the mass of immobilized particles (g).
Fig. 1 System diagram of dynamic testing device.

This journal is © The Royal Society of Chemistry 2019
Water quality monitoring methods

SO4
2�: barium chromate spectrophotometry; Mn2+: potassium

periodate spectrophotometry; Fe2+: phenanthroline spectro-
photometry; COD: rapid digestion spectrophotometry; pH: glass
electrode method.
Results and discussion
Single factor test

Determination of the optimal modication time. The test
results are shown in Fig. 2. From Fig. 2, with the extension of the
modication time, COD release increased rst, then decreased
and then increased, while residual concentration of SO4

2�

decreased rst and then increased slightly. This indicates that
the reaction time had a great effect on the transformation
degree of hemicellulose, cellulose and lignin in corncob. The
hemicellulose, cellulose and lignin in corncob could not be
completely dissolved and transformed in a short modication
time, which affects the performance of corncob as a slow-
release carbon source for further hydrolysis.18 However, the
long time of modication will further destroy the internal
structure of hemicellulose, cellulose and lignin in corncob,
which will result in the poor hydrolysis of carbon source such as
glucose and fructose, which are easy to be used by SRB, and
affect the activity of SRB dissimilation SO4

2�. From Fig. 2, the
COD emission reached the maximum value when the modi-
cation time was 6 h, which is consistent with the study results of
Su Yapeng et al.19 Studies have shown that lignin in corncobs
will detach from solution during the rst 6 h in modication
corncob with alkaline hydrogen peroxide.19 Therefore, COD
value reached the highest level at 6 h. When the reaction time
was 24 h, both COD release amount and the SO4

2� residual
concentration reached the lowest level, indicating that hemi-
cellulose, cellulose and lignin in corncob were dissolved and
transformed in large quantities, which improved the further
hydrolysis of the corncob to form small molecules organic
matter and promoted the dissimilatory reduction activity of
RSC Adv., 2019, 9, 19016–19030 | 19019
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Fig. 2 COD release and SO4
2� residual concentration at different

modification time. The NaOH concentration was 5%, the H2O2

concentration was 1.5%.
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SRB. SRB used organic matter to carry out dissimilation and
reduction metabolism, which reduced both COD release and
SO4

2� residual concentration in the solution. At 30 h, the bio-
logical activity of SRB was reduced. The ability of SRB to reduce
SO4

2� by organic metabolism was reduced, resulting in the
increase of COD and SO4

2� in the system. In summary, the
optimal modication time for this experiment was 24 h.

Determination of optimum NaOH concentration. The test
results are shown in Fig. 3.

From Fig. 3, with the increase of NaOH concentration, both
COD release and SO4

2� residual concentration decreased rst
and then increased. This may be due to the fact that alkali can
use OH� to break the lignin ether bond, and OH� can saponity
the ester bond between hemicellulose and lignin, which can
dissolve most of lignin, and dissolve part of hemicellulose.20

Thus the internal structure of the corncob was changed and the
ability of further hydrolysis of corncob to form small molecular
organic matter was improved too. However, when the NaOH
concentration was too high, on the basis of further removal of
Fig. 3 COD release and SO4
2� residual concentration under different

NaOH concentration. The H2O2 concentration was 1.5%.the modifi-
cation time was 24 h.

19020 | RSC Adv., 2019, 9, 19016–19030
lignin and hemicellulose, the degree of crystallinity and poly-
merization of the cellulose were further reduced or even
decomposed, resulting in the loss of degradable substances,
and insufficient carbon supply for SRB dissimilation reduction.
Moreover, high concentration of NaOH inhibited the activity of
SRB dissimilation SO4

2� to a certain extent, resulting in the
decrease of SO4

2� removal percentage. The research of Nicolas
Le Moigne21 shows that lignocellulose can be dissolved by
continuous dismantling and breaking in NaOH solution. When
the concentration of NaOH is 5%, the amount of COD release
and the residual concentration of SO4

2� are both at the lowest
level. This also shows that the hemicellulose, cellulose and
lignin in the corncob are dissolved and transformed in large
quantities, which enhances the ability of corncob to hydrolyze
to form small molecular organic matter and promotes the
dissimilatory reduction activity of SRB. In summary, the
optimal NaOH concentration was 5%.

Determination of optimal H2O2 concentration. The test
results are shown in Fig. 4. From Fig. 4, with the increase of
H2O2 concentration, both COD release and SO4

2� residual
concentration decreased rst and then increased. This is mainly
because H2O2 could degrade lignin with its own peroxidic ion
oxidation and destroy the complex structure of lignin. However,
due to the easy decomposition of H2O2, the effect of using H2O2

along to treat waste water is not ideal. When alkali and H2O2 are
used simultaneously, the alkali can activate H2O2, enhance the
removal of lignin, and improve the bioavailability of corncob,22

which is benecial to SRB heterogeneous reduction. Thus the
amount of COD release and the residual concentration of SO4

2�

decreased with the increase of concentration of H2O2. When the
content of H2O2 was too high, H2O2 and NaOH easily form
Na2O2, which reduced the ability of NaOH to dissolve and the
ability of H2O2 to oxidize hemicellulose, cellulose and lignin in
corncob, and formed a material structure that is not conducive
to SRB utilization. The amount of COD release and the residual
concentration of SO4

2� increased as the concentration of H2O2

increased. When the concentration of H2O2 was 1%, both COD
release and SO4

2� residual concentration reached a lower level,
Fig. 4 COD release and SO4
2� residual concentration under different

H2O2 concentration. The NaOH concentration was 5%, the modifi-
cation time was 24 h.

This journal is © The Royal Society of Chemistry 2019
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indicating that the lignin in the corncob was fully oxidized,
which improved the ability of the corncob to further hydrolyze
to form small molecular organic matter, and promoted the
dissimilatory reduction activity of SRB. In summary, the
optimal H2O2 concentration was 1%.
Orthogonal experimental study

Based on the composition of the single factor tests and the test
results, taking the modication time, NaOH concentration and
H2O2 concentration as three factors, according to the orthog-
onal experiment table, the orthogonal experiment of L9 (3

3) was
carried out to determine the optimum modication condition
of corncob.

Orthogonal test settings and test results are shown in Table
2.

According to Table 2, combined with visual analysis and
analysis of variance, the best combination of SO4

2� removal
percentage, Mn2+ removal percentage, Fe2+ removal percentage,
COD release amount, and pH adjustment ability were A3B1C2,
A2B3C3, A3B1C1, A2B3C3, and A1B3C1, respectively. Aer
comprehensive consideration, the optimal proportion of
immobilized particles was A2B3C3, that is, the modication
time was 24 h, the NaOH concentration was 6%, and the H2O2

concentration was 1.5%. The immobilized particles prepared by
the modied corncob under these conditions had the best AMD
treatment effect.
Dynamic experimental study

Combined with the results of the previous orthogonal test, the
AMD dynamic experiment of immobilized particle treatment
was carried out by constructing 3 dynamic columns. The
experimental results and analysis are as follows. The “Inuent”
in Fig. 5–9 indicates the inuent concentrations of various ions
in AMD during the dynamic experiment, which were tested each
morning at 8:00.

Analysis on the change rules of SO4
2-. According to Fig. 5(a)

and (b), in the rst stage of the test, the residual amount of
SO4

2� in the dynamic Columns 1, 2 and 3 showed a downward
trend. By the 5–6 d, the residual amount of SO4

2� in the three
columns all reached the lowest level. At the 1–7 d, the average
residual amount of SO4

2� were 624.1 mg L�1, 500.8 mg L�1 and
Table 2 L9 (33) Orthogonal test design and results

Test number Time A/h NaOH B/% H2O2 C/%
The removal percentage
of SO4

2�/%

1 18 4 0.5 86.20
2 18 5 1 89.69
3 18 6 1.5 81.65
4 24 4 1 82.07
5 24 5 1.5 79.06
6 24 6 0.5 85.44
7 30 4 1.5 90.17
8 30 5 0.5 82.94
9 30 6 1 87.33

This journal is © The Royal Society of Chemistry 2019
416.3 mg L�1 respectively, and the average removal percentages
of SO4

2� were 21.9%, 37.2% and 47.9% respectively. In the
second stage of the test, with the increase of pollutant load, the
residual amount of SO4

2� in the Columns 1, 2 and 3 decreased
rst and then increased. At the 12–13 d, the residual amount of
SO4

2� in the three columns reached the lowest level. At the 8–15
d, the average residual amount of SO4

2� were 1002.4 mg L�1,
914.2 mg L�1 and 735.8 mg L�1 respectively, and the corre-
sponding SO4

2� average removal percentages were 30.4%,
36.4% and 48.8% respectively.

In the rst stage of the reaction, the SO4
2� removal

percentage increased rapidly in the three columns. This may be
due to the fact that at the beginning of the reaction, with
sufficient carbon source, SRB metabolic activity was strong,
which was able to resist the low pollution load on its activity
inhibition and can have a good dissimilation reduction on
SO4

2�.23 So the removal effect was more obvious. In the second
stage of the reaction, the removal percentage of SO4

2� in three
columns showed a trend of rst increasing and then signi-
cantly decreasing. At the same time, the increase and decrease
of SO4

2� removal percentage in the three columns were
different. This may be due to the fact that the increasing
pollution load in the initial phase had not great impact on SRB
activity, and SRB could still have a good dissimilation reduction
on SO4

2�. However, as the reaction progressing, the carbon
source in the particles is continuously consumed by the SRB,
and the COD/SO4

2� ratio decreased below 0.67,24 the optimum
carbon and sulfur ratio required for microbial growth. In
addition, the toxicity and inhibition of SRB by persistent high
concentration Mn2+ and acidic pH resulted in a signicant
decrease in SO4

2� removal percentage at the second stage of the
reaction.25

The removal capacity of SO4
2� and the resistance to pollu-

tion load change of three dynamic columns are Columns 3, 2
and 1 in order from strong to weak. The main reason was that
aer the corncob in Column 3 was modied, the alkaline H2O2

could swell the cellulose, remove most of the lignin and part of
the hemicellulose, increase the inner surface area of the
corncob, and reduce the crystallinity and polymerization degree
of the cellulose. The ability of the corncob to further hydrolyze
to form small molecular organic substances such as glucose
and fructose in the immobilized particles was improved, which
The removal percentage
of Mn2+/%

The removal percentage
of Fe2+/% pH COD/(mg L�1)

76.44 93.57 7.89 296
66.25 86.64 7.77 267
80.93 82.42 8.07 254
72.53 87.42 7.79 252
75.38 84.85 7.84 240
79.22 86.00 7.91 227
75.06 89.92 7.74 280
69.18 90.14 7.87 305
68.61 84.78 7.91 282

RSC Adv., 2019, 9, 19016–19030 | 19021
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Fig. 5 (a) SO4
2� residual concentration in Columns 1, 2, 3 (b) Removal percentage of SO4

2� in Columns 1, 2, 3. Influent is the SO4
2�

concentration in influent water of AMD. 1#, 2# and 3# in (a) are the residual SO4
2� concentration in AMD after repairing AMD with Column 1,

Column 2 and Column 3 respectively. 1#, 2# and 3# in (b) are the removal percentage of SO4
2� in AMD by the three dynamic columns cor-

responding to (a) respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

4/
12

/2
02

5 
1:

49
:1

8 
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
provided sufficient carbon source for SRB growth and metabo-
lism, and could well resist the inhibition of high concentration
pollution load on its activity. So the catalytic activity of SRB in
dissimilation reduction of SO4

2� was promoted. Therefore,
Column 3 had the strongest ability to remove SO4

2� and resist
the change of pollution load. The unmodied corncob, in
Column 2, contained lignin and cellulose, which were difficult
to be decomposed and cannot form fermentable sugars. Only
part of hemicellulose was easily degraded into small molecular
organic substances, such as monosaccharides, to supply SRB
growth. In Column 1, the particle activity was inhibited due to
the absence of the external carbon source, so it had the worst
ability to remove SO4

2� and resist change of pollution load.
Fig. 6 (a) Fe2+ residual concentration in Columns 1, 2, 3. (b) The removal
in influent water of AMD. 1#, 2# and 3# in (a) are the residual Fe2+ con
Column 3 respectively. 1#, 2# and 3# in (b) are the removal percentag
respectively.

19022 | RSC Adv., 2019, 9, 19016–19030
Analysis on the change rules of Fe2+. It can be seen from
Fig. 6(a) and (b) that in the rst stage of the test, the residual
amount of Fe2+ in the dynamic columns 1, 2 and 3 showed
a downward trend. At the 1–7 d, the average residual amount of
Fe2+ in the three columns were 10.95 mg L�1, 8.36 mg L�1 and
7.28 mg L�1 respectively, and the average removal percentages
of Fe2+ were 22.51%, 43.08% and 50.49% respectively. In the
second stage of the experiment, the residual amount of Fe2+ in
the three dynamic columns showed an upward trend. At the 8–
15 d, the average residual amount of Fe2+ were 21.90 mg L�1,
19.34 mg L�1 and 18.46 mg L�1 respectively, and the corre-
sponding Fe2+ average removal percentages were 11.05%,
21.91% and 25.45% respectively.
percentage of Fe2+ in Columns 1, 2, 3. Influent is the Fe2+ concentration
centration in AMD after repairing AMD with Column 1, Column 2 and
e of Fe2+ in AMD by the three dynamic columns corresponding to (a)

This journal is © The Royal Society of Chemistry 2019
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In the rst stage, the removal percentage curves of Fe2+ in the
three columns showed an upward trend. This is because Fe2+

removal in the dynamic columns is mainly the results of the
adsorption of immobilized particles, SRB dissimilation reduc-
tion SO4

2� genesis of metal sulde precipitation and SRB bio-
sorption occulation.26 In the initial stage of the reaction, the
particle adsorption capacity was large and the SRB biological
activity was strong. Therefore, the Fe2+ removal effect was
signicant in the initial stage of the reaction. In the second
stage, the Fe2+ removal percentage curves of the three columns
decreased, which may be due to the increase of the pollution
load in the second stage and the gradual saturation of the
particle adsorption capacity. At the same time, high concen-
tration of Mn2+ entered the SRB cells, destroyed the enzyme
proteins and deactivated them, inhibited the biological activity
of SRB and produced toxic effects on them, thus weakening the
dissimilation and reduction process of SO4

2� by sulfate-
reducing bacteria, and affecting the precipitation of reduction
product S2� and the removal of Mn2+ by biosorption occula-
tion. So the removal percentage of Fe2+ decreased signicantly.

The ability of the three dynamic columns to remove Fe2+ and
resist pollution load changes was Columns 3, 2 and 1 in order
from strong to weak. Due to the increase in the specic surface
area of the corncob and the OH� content of the granules in the
immobilized particles of Column 3, which were modied by
alkaline H2O2, the adsorption capacity of the particles
increased, and it is easy to from hydroxides and carbonate
precipitation, which enhanced the removal of Fe2+. So Column 3
had the strongest ability to remove Fe2+ and resist pollution
load change. In the Column 1, however, the biological activity
was inhibited due to the absence of additional carbon source. At
the same time, the process of S2� precipitation and biosorption
occulation to remove Fe2+ was weak, and the adsorption
capacity of the immobilized particles was low, so Column 1 had
the worst ability to remove Fe2+ and resist pollution load
changes.

Analysis on the change rules of Mn2+. It can be seen from
Fig. 7(a) and (b) that the Mn2+ residuals in the three dynamic
columns showed different uctuation in the rst stage of the
experiment. At the 1–7 d, the average residual amount of Mn2+

in the three systems were 6.69 mg L�1, 4.56 mg L�1 and
4.18 mg L�1 respectively. At this time, the corresponding Mn2+

removal percentages were 23.15%, 47.68% and 51.96% respec-
tively. In the second stage of experiment (8–15 d), the residuals
of Mn2+ in the three dynamic columns uctuated and increased,
and the average residual amount of Mn2+ in the three systems
were 10.53 mg L�1, 9.19 mg L�1 and 8.46 mg L�1 respectively. At
this time, the corresponding Mn2+ removal percentages were
23.46%, 33.16% and 38.48% respectively.

In the rst stage, the Mn2+ removal percentage curves of
Columns 1 and 2 showed a downward trend, while Mn2+

removal percentage curve of Column 3 showed an upward
trend. In the second stage, the Mn2+ removal percentage curves
of the three columns uctuated and decreased. The SRB
immobilized particles have the same mechanism of action for
removing heavy metals Fe2+ and Mn2+ from AMD. However, the
average removal percentage of Fe2+ in the rst stage was slightly
This journal is © The Royal Society of Chemistry 2019
higher than the average removal percentage of Mn2+, while the
average removal percentage of Fe2+ in the second stage was
slightly lower than the average removal percentage of Mn2+.
Karathanasis27 found through experiments that it is difficult to
from Mn2+ suldes, when other metal ions are present in the
bioreactor. The removal of Mn2+ relies mainly on adsorption to
form oxides, hydroxides or carbonates. Therefore, in the rst
stage of strong SRB biological activity, the average removal
percentage of Fe2+ was slightly higher than the average removal
percentage of Mn2+ due to the inuence of Fe2+ on the S2�

precipitation and biosorption occulation removal of Mn2+.
However, in the second stage, due to the increase of pollution
load, gradual saturation of the particle adsorption capacity,
inhibit of the biological activity, the weakening of biological
removal process of Fe2+, and the replace of Fe2+ with the Mn2+

entering the particle by ion exchange, the average removal
percentage of Fe2+ was slightly lower than the average removal
percentage of Mn2+.

Analysis on the change rules of COD. It can be seen from
Fig. 8 that in the rst stage of the experiment, the COD release
of effluent in the three dynamic columns increased rst and
then decreased (1–7 d), and the average releases were
146.14 mg L�1, 508.14 mg L�1 and 234 mg L�1 respectively. In
the second stage of the experiment (8–15 d), the concentration
of effluent COD in the three dynamic columns decreased
steadily, and the average COD release of the three systems were
36.75 mg L�1, 152.88 mg L�1 and 102.75 mg L�1 respectively.

The concentration of effluent COD in the dynamic columns
was related to the leakage of organic matters and its biological
metabolites in the immobilized particles. In Column 1, the
effluent COD was mainly caused by the leakage of SRB sludge
and its metabolites in the immobilized particles. While in
Columns 2 and 3, the effluent COD was mainly produced both
by the leakage of the SRB sludge, and the corncob and its
hydrolyzed products in the immobilized particles. In the initial
stage of the rst stage reaction, the SRB metabolic activity
utilized less organic matters, resulting in a large amount of
organic matter leakage in the immobilized particles, thus the
effluent COD concentration gradually increased. However,
when the SRB activity gradually increased, and the organic
matter required for its metabolism also increased, the effluent
COD concentration gradually decreased. In the second stage,
with the increase in pollution load, the concentration of COD
release gradually decreased, due to excessive consumption of
organic matter in the immobilized particles.

The COD concentration values of the three columns were
Columns 2, 3 and 1 in order. Since the immobilized particles in
Column 1 only contained the SRB sludge carbon source, the
organic mass of the leakage was small, and thus the effluent
COD concentration of Column 1 was always the smallest.
Column 3 had the strongest bioactivity, and the amount of
organic matters needed for SRB metabolic growth was large.
Therefore, the organic matter leakage was less. So the COD
concentration of effluent of Column 3 was less than that of
Column 2.

Analysis on the change rules of pH. It can be seen from Fig. 9
that in the beginning initial stage of the rst stage of the test,
RSC Adv., 2019, 9, 19016–19030 | 19023
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Fig. 7 (a) Mn2+ residual concentration in Columns 1, 2, 3 (b) The removal percentage of Mn2+ in Columns 1, 2, 3. Influent is the Mn2+

concentration in influent water of AMD. 1#, 2# and 3# in (a) are the residual Mn2+ concentration in AMD after repairing AMD with Column 1,
Column 2 and Column 3 respectively. 1#, 2# and 3# in (b) are the removal percentage of Mn2+ in AMD by the three dynamic columns cor-
responding to (a) respectively.
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the pH values of the effluent of the 3 dynamic columns all
increased rapidly, and then decreased slightly. The rst stage of
the test (1–7 d), the average pH of the effluent were 6.32, 6.56
and 6.96 respectively. In the second stage of the experiment (8–
15 d), the pH values of the effluent in the 3 dynamic columns all
decreased to varying degrees, and the average effluent pH were
5.96, 6.36 and 6.65 respectively.

The process of raising the pH of the solution in the dynamic
columns is mainly the effect of particles on the adsorption of H+

and the regulation of microbial growth and metabolism.28 The
main reason for the rapid increase of pH in the beginning of
stage I is the adsorption of H+ by particles. As the reaction
progresses to the second stage, the soluble carbon source
continuously decreases, the SRB dissimilatory reduction activity
Fig. 8 The changes of COD in Columns 1, 2, 3. 1#, 2# and 3# are the
COD concentration in AMD after repairing AMD with Column 1,
Column 2 and Column 3 respectively.

19024 | RSC Adv., 2019, 9, 19016–19030
decreases as well, and the high-concentration heavy metal ions
and high acidity inhibit the metabolic activity of SRB in the
particles,29 resulting in the amount of alkaline substances
produced by microorganisms is reduced. Therefore, the pH of
the effluent decreased to varying degrees.

The order of pH improvement capacity and resistance to load
capacity of 3 columns was Column 3, 2 and 1. Column 3 had the
strongest biological activity, the largest ability to adjust the acid,
and the corncob in the particles was modied by alkaline H2O2,
which contained a large amount of alkaline substances which
could be neutralized with H+. So Column 3 was strongest in
improving pH of solution and resisting the impact load. While
Column 1 had the weakest biological activity, so it performed
the worst pH in improvement and impact load resistance.
Fig. 9 The changes of pH in Columns 1, 2, 3. Influent is the pH value in
influent water of AMD. 1#, 2# and 3# are the pH value in AMD after
repairing AMD with Column 1, Column 2 and Column 3 respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Kinetic curves of SO4
2� reduction by immobilized particles. 1# is modified corncob fixed SRB sludge particles, 2# is unmodified corn cob

fixed SRB sludge particles.

Table 3 Coefficients of kinetic models

Sample

Zero-order reaction First-order reaction

k0 R2 k1 R2

1# 47.46 0.9269 0.262 0.9706
2# 39.96 0.9268 0.187 0.9736

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

4/
12

/2
02

5 
1:

49
:1

8 
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Kinetic analysis of immobilized particles

Kinetic analysis of reduction of SO4
2� by immobilized

particles. Zero-order reaction kinetics equation ct ¼ c0 � k0t and
rst-order reaction kinetics equation ln ct ¼ ln c0 � k1t were
used to t the curves of SO4

2� reduction by modied corncob
Fig. 11 Kinetic curves of adsorption Fe2+ by immobilized particles. 1# is m
fixed SRB sludge particles.

This journal is © The Royal Society of Chemistry 2019
xed SRB sludge particles (1#) and unmodied corncob xed
SRB sludge particles (2#). The tting curves of SO4

2� reaction
kinetics were obtained as shown in Fig. 10 and Table 3. Where,
c0 is the initial SO4

2� concentration (mg L�1), ct is the SO4
2�

concentration at a certain time (mg L�1), k0 is the zero-order
reaction rate constant ((mg L�1) h�1), k1 is the rst-order reac-
tion rate constant (h�1).

It can be seen from Table 3 that the correlation coefficient R2

of the rst-order reaction models of the two particle materials
are both large, indicating that the reduction process of SO4

2� by
modied corncob xed SRB sludge particles (1#) and unmodi-
ed corncob xed SRB sludge particles (2#) conforms to rst-
order kinetics. As the rst-order reaction kinetics process is
mainly affected by electron acceptor, this model can well prove
the process of SRB dissimilation reduction of SO4

2�. In the rst-
odified corncob fixed SRB sludge particles, 2# is unmodified corn cob

RSC Adv., 2019, 9, 19016–19030 | 19025
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Table 4 Kinetic parameters of adsorption Fe2+ by immobilized
particles

Sample

Elovich adsorption kinetics
model

Weber internal
diffusion kinetics
model

qe a b R2 qt k R2

1# 0.642 0.034 0.012 0.925 0.849 0.023 0.874
2# 0.581 0.028 0.015 0.902 0.760 0.017 0.846
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order reduction kinetic model, the reaction rate constant of 1#
particle is greater than that of 2# particle, indicating that the
dissimilation reduction rate of modied corncob particle to
SO4

2� is higher than that of unmodied corncob particle, and
the synergistic effect of corncob and SRB in immobilized
particles improves the dissimilation reduction rate of SRB to
SO4

2�.
Kinetic analysis of Fe2+ adsorption by immobilized particles.

Elovich adsorption kinetics model qe ¼ (2.303/b)ln[t + 1/(ab)] �
(2.303/b)ln[1/(ab)] and Weber internal diffusion kinetics model
qt ¼ kt1/2 + c were used to t the adsorption curves of Fe2+ by
modied corncob xed SRB sludge particles (1#) and unmodi-
ed corncob xed SRB sludge particles (2#). The adsorption
kinetics tting curves of Fe2+ were obtained as shown in Fig. 11
and Table 4. Where, a is the adsorption rate constant (g (mg
h)�1), b is the desorption rate constant (mg h�1), qe is the
adsorption amount at adsorption equilibrium (mg g�1), qt is the
adsorption amount at adsorption time t (mg g�1), k is the rate
constant of in-particle diffusion (g (mg h1/2)�1), c is a constant
related to the boundary thickness (mg g�1).

It can be seen from Table 4 that the correlation coefficient R2

of Elovich adsorption kinetics model is larger than that of
Weber internal diffusion kinetics model in both the 1# particle
and 2# particle, indicating that Elovich adsorption kinetics
Fig. 12 Kinetic curves of adsorptionMn2+ by immobilized particles. 1# is m
fixed SRB sludge particles.

19026 | RSC Adv., 2019, 9, 19016–19030
model can better describe the Fe2+ adsorption process. In the
Elovich adsorption kinetics model, the adsorption rate constant
of 1# particle is higher than that of 2# particle, indicating that
the adsorption rate of modied corncob particles to Fe2+ is
higher than that of unmodied corn cob particles.

Kinetic analysis of Mn2+ adsorption by immobilized parti-
cles. Lagergren pseudo-rst-order adsorption kinetic model
ln(qe � qt)¼ ln qe � (k1/2.323)t and McKay pseudo-second-order
adsorption kinetic model t/qt ¼ 1/(k2qe

2) + t/qe were used to t
the adsorption curves of Mn2+ by modied corncob xed SRB
sludge particles (1#) and unmodied corncob xed SRB sludge
particles (2#). The adsorption kinetics tting curves of Mn2+

were obtained as shown in Fig. 12 and Table 5. Where, qe is the
adsorption amount at adsorption equilibrium (mg g�1), qt is the
adsorption amount at adsorption time t (mg g�1), k1 is the rst-
order kinetic rate constant (h�1), k2 is the second-order kinetic
rate constant (g (mg h)�1).

It can be seen from Table 5 that the correlation coefficient R2

of the pseudo-second-order adsorption kinetic model is larger
than that of the pseudo-rst-order adsorption kinetic model in
both the 1# particle and 2# particle, indicating that the pseudo-
second-order adsorption kinetic model can better describe the
adsorption process of Mn2+ and the adsorption of Mn2+ by
particles is dominated by chemical adsorption. In the pseudo-
second-order adsorption kinetic model, k2 of 1# particle is
larger than that of 2# particle, indicating that the adsorption
rate of modied corncob particles to Mn2+ is higher than that of
unmodied corncob particles. The pore structure of corncob
modied by alkaline H2O2 is large, SRB has strong reducing
activity, and alkaline substances exist in the particles, so the
removal effect of 1# particle on Mn2+ is better than that of 2#
particle.

By comparison with Tables 4 and 5, it can be seen that the
adsorption equilibrium capacity qe (0.642 mg g�1 and 0.581 mg
g�1) of # 1 and # 2 particles on Fe2+ is higher than that of Mn2+
odified corncob fixed SRB sludge particles, 2# is unmodified corn cob

This journal is © The Royal Society of Chemistry 2019
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Table 5 Kinetic parameters of adsorption Mn2+ by immobilized
particles

Sample qe

Pseudo-rst-order
adsorption kinetic

Pseudo-second-
order adsorption
kinetic

k1 R2 k2 R2

1# 0.425 0.168 0.93267 0.5920 0.99302
2# 0.386 0.208 0.93354 0.3229 0.98803
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(0.425 mg g�1 and 0.386 mg g�1). In the solution where Fe2+ and
Mn2+ coexist, immobilized particles will form a competitive
adsorption effect of ions, so the removal effect of Fe2+ by
particles is better than that of Mn2+, and the adsorption equi-
librium capacity of Fe2+ is higher than that of Mn2+.
Fig. 13 XRD results of particles before and after treatment. No. 1 and
No. 4 were XRD patterns before and after treatment of AMD without
corncob particles, respectively. No. 2 and No. 5 were XRD patterns
before and after treatment of AMD with unmodified corncob particles,
respectively, No. 3 and No. 6 were XRD patterns of modified corncob
particles before and after treatment of AMD. P: polyvinyl alcohol, A:
sodium alginate, I: cellulose I, II: cellulose II, Q: quartz, F: FeS, M: MnS,
H: Mn(OH)2.
Instrumental analysis

XRD analysis. The particles before and aer the above
dynamic test reaction were dried and ground to a 200 mesh
powder, and subjected to XRD analysis. The results are shown
in Fig. 13.

From Fig. 13, the particles (No. 1 to No. 6) before and aer
the treatment of the wastewater contained polyvinyl alcohol and
sodium alginate. Among them, diffraction peaks of polyvinyl
alcohol appeared when 2q was 9.6�, 11.1�, 16.2�, 19.7�, 20.2�,
22.3�, 27.4�, and 40.7�. This result is consistent with the nd-
ings of Hai T. A. P. and R. Ricciardi. They found that the
diffraction peaks of PVA at 2q values of 19.68, 22.31, and 40.65�,
which correspond to the (101), (200), and (111) planes of the
monoclinic unit cell.30,31 At the same time, M. Hema32 found
that there is a correlation between the diffraction peak height of
pure vinyl alcohol and the crystallinity of vinyl alcohol at 19.7�

of 2q. The diffraction peak of sodium alginate appeared at 13.7�

and 23.0� of 2q,33 but the intensity of the diffraction peak was
not strong, indicating that the crystallinity of sodium alginate
was low. According to Xuan D. et al., the peak associated with
sodium alginate in the XRD pattern was not obvious due to the
amorphous nature of sodium alginate.34 Hemicellulose and
lignin in corncobs are amorphous components, while cellulose
is a crystalline component,35 so the focus of the XRD pattern of
corncobs is to analyze changes in cellulose. Comparing the XRD
patterns of No. 2 and No. 5, the intensity of the diffraction peak
at 12�, 15�, 21�, 23�, 27�, and 34� of 2q aer the treatment of
AMD by the unmodied corncob particles decreased. The XRD
patterns of No. 3 and No. 6 showed that the intensity of the
diffraction peaks at 12�, 17�, 21�, and 27� decreased aer the
modied corncob particles were treated with AMD. Studies have
shown that diffraction peak is a typical cellulose I-type struc-
ture36,37 when occured at 2q¼ 15� (101 planes), 17� (101 planes),
21� (021 planes), 23� (002 planes) and 34� (004 planes), the peak
at 12� is a characteristic peak of cellulose II, and the peak at
about 27� corresponds to the (002 plane) of carbon.38 Therefore,
aer processing the AMD, the cellulose and C contained in the
corncob in the particles had a decrease in crystallinity, indi-
cating that the corncob could slowly release organic matter for
This journal is © The Royal Society of Chemistry 2019
SRB growth and metabolism while the particles were repairing
AMD. The difference in peak reduction might be related to the
modication process of the corncob. At the same time, in the
XRD patterns of No. 5 and No. 6, MnS and FeS peaks appeared
at 30�, 34.2�, and 49.1� of 2q, indicating that SRB can utilize the
carbon source released by corncob for self metabolism, and
produce S2�, which formed sulde precipitation with the heavy
metal ions in the AMD. In addition, there wasMn(OH)2 in No. 6.
It might be that the heavy metal ions in AMD react with NaOH
in the modied corncob particles to form hydroxide precipita-
tion, or that modied corncob promoted SRB metabolism to
produce alkalinity, which converted heavy metal ions into
hydroxide precipitation.

SEM analysis. The particles before and aer the dynamic test
were dried and the surface and the internal structure of the
particles were scanned by SEM. The microstructures of the
particles were observed before and aer the reaction, and the
mechanism of particle co-treatment of AMD was further
revealed. SEM micrographs are shown in Fig. 14 and 15.

Fig. 14(a), (b) and (c) are SEM surface structure micrographs
of SRB sludge xed particles without corncob, unmodied
corncob xed SRB sludge particles and modied corncob xed
SRB sludge particles before the dynamic experimental reaction
respectively. Fig. 14(d), (e) and (f) are SEM surface structure
micrographs of SRB sludge xed particles without corncob,
unmodied corncob xed SRB sludge particles and modied
corncob xed SRB sludge particles aer the dynamic experi-
mental reaction respectively.
RSC Adv., 2019, 9, 19016–19030 | 19027
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Fig. 14 Three kinds of particle surface electron microscopy before and after the dynamic experimental reaction. (a) SEM surface structure
micrographs of SRB sludge fixed particles without corncob before the dynamic experimental reaction. (b) SEM surface structure micrographs of
unmodified corncob fixed SRB sludge particles before the dynamic experimental reaction. (c) SEM surface structure micrographs of modified
corncob fixed SRB sludge particles before the dynamic experimental reaction. (d) SEM surface structure micrographs of SRB sludge fixed
particles without corncob after the dynamic experimental reaction. (e) SEM surface structure micrographs of unmodified corncob fixed SRB
sludge particles after the dynamic experimental reaction. (f) SEM surface structure micrographs of modified corncob fixed SRB sludge particles
after the dynamic experimental reaction.
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From Fig. 14(a–c), the surface of particles without corncob
was rough, and the concavo-convex was obvious. There were
large cracks and less irregular pores. The surface of the particles
Fig. 15 Three kinds of particle inside electron microscopy before an
micrographs of SRB sludge fixed particles without corncob before the d
unmodified corncob fixed SRB sludge particles before the dynamic exp
corncob fixed SRB sludge particles before the dynamic experimental rea
without corncob after the dynamic experimental reaction. (k) SEM inside s
after the dynamic experimental reaction. (l) SEM inside structure microgr
experimental reaction.

19028 | RSC Adv., 2019, 9, 19016–19030
with unmodied corncob was more rough, and the concavo-
convex were more obvious. There were small pieces of cracks
and a large number of irregular large pores. The surface of the
d after the dynamic experimental reaction. (g) SEM inside structure
ynamic experimental reaction. (h) SEM inside structure micrographs of
erimental reaction. (i) SEM inside structure micrographs of modified

ction. (j) SEM inside structure micrographs of SRB sludge fixed particles
tructuremicrographs of unmodified corncob fixed SRB sludge particles
aphs of modified corncob fixed SRB sludge particles after the dynamic

This journal is © The Royal Society of Chemistry 2019
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particles with modied corncobs had a complex, porous inter-
stitial lamentous structure with large pores and ssures, and
each gap penetrated and was closely connected. This suggested
that the addition of corncobs increased the roughness and
porosity of the particles. The modication process of alkaline
H2O2 destroyed a large amount of cellulose crystal structure and
lignin in corncobs, resulting in a low molecular weight brous
structure.

According to Fig. 14(d–f), a large amount of particles were
deposited on the surface of particles without corncob aer the
reaction, and less were deposited on the surface of particles
with unmodied corncob aer the reaction. Nearly none were
deposited on the surface of particles with modied corncob
aer the reaction, and the lamentous structure disappeared,
resulting in larger pores and cracks. This indicates that due to
the smaller pores and weaker SRB activity, the metal ions were
adsorbed on the surface and deposited on the particles without
corncobs. While particles containing modied corncobs had
a large pore structure and strong SRB biological activity, metal
ions can successfully enter the inside of particles and the
reaction deposition occurred. And because the SRB used the
organic carbon sources, the brous structure of the particle
surface disappeared.

Fig. 15(g), (h) and (i) are SEM inside structure micrographs
including of SRB sludge xed particles without corncob,
unmodied corncob xed SRB sludge particles and modied
corncob xed SRB sludge particles before the dynamic experi-
mental reaction respectively. Fig. 15(j), (k) and (l) are SEM inside
structure micrographs of SRB sludge xed particles without
corncob, unmodied corncob xed SRB sludge particles and
modied corncob xed SRB sludge particles aer the dynamic
experimental reaction respectively.

From Fig. 15(g–i), the pore distribution of the inside of
particles without corncob was relatively uniform and the pores
were small, and no obvious large block material structure. The
pore distribution of particles with unmodied corncob was not
uniform, the pores were large, and the block material structure
existed. The distribution of pores in the particles with modied
corncob was more uneven and the pores were larger, and the
cross-network structure was obvious. This indicated that the
addition of corncobs enlarged and increased the internal pores
of the particles, and increased the inhomogeneity of the pore
structure. The obvious block structure might be the added
corncob. Alkaline H2O2 modication process changed the
structure of corncob, which presented the crossover material
structure of particles with modied corncob.

From Fig. 15(j–l), we can see that the internal structure of
particles without corncob did not change much. The massive
material of particles with unmodied corncob disappeared
and the pores became smaller and less. And the internal
crossover material structure of the particles with modied
corncob disappeared, and a large number of honeycomb
small voids appeared. This indicated that particles with
corncob (including both unmodied and modied corncob),
were easier to exchange material within and outside the
granular system due to the well-developed pores and good
permeability, which could guarantee the free access of
This journal is © The Royal Society of Chemistry 2019
nutrients and metabolic products needed by the growth of
microorganisms and was conducive to promoting the
adsorption of particles and SRB dissimilation and reduction
activity. While the particles with modied corncob contained
organic carbon sources, available to SRB, and richer pore
channels. Therefore, the change of the internal structure of
the particles with the modied corncob was the most
signicant, which further proved the superiority of the
modied corncob as the internal carbon source.
Conclusions

The single factor test was used to study the modication
conditions of corncob. The optimum conditions for the deter-
mination of modied corncob were as follows: the modication
time was 24 h, the concentration of NaOH was 6% and the
concentration of H2O2 was 1.5%.

Combined with single factor test results, using the orthog-
onal test of L9 (33), the optimum modication conditions of
corncob were determined by analysis of variance and range
analysis. The optimummodication conditions were as follows:
the modication time was 24 h, the concentration of NaOH was
6% and the concentration of H2O2 was 1.5%. The modied
corncob prepared under these conditions had the best effect on
the immobilized SRB particles.

The three constructed dynamic columns had certain ability
to remove and resist change of the impact load of SO4

2�, Mn2+

and Fe2+ in AMD solution. Dynamic Column 3 was strongest in
removing ability and resisting impact load change, and its
ability to control the effluent COD release and increase the
solution pH value was better than those of Column 1 and 2. This
suggests that modied corncobs are more suitable as internal
carbon source for SRB to treat AMD than unmodied corncobs.

The reduction reaction process of particles to SO4
2� in

wastewater is mainly affected by electron acceptor, and the rst-
order reaction model can well describe the reduction process.
The adsorption process of Fe2+ by particles is in accordance with
Elovich adsorption kinetics model, and the adsorption process
of Mn2+ is in accordance with pseudo-second-order adsorption
kinetics model. In the waste where Fe2+ and Mn2+ coexist,
immobilized particles will form a competitive adsorption effect
of ions, so the removal effect of Fe2+ by particles is better than
that of Mn2+.

XRD and SEM analysis showed that the chemical composi-
tion and spatial structure of the three immobilized particles
changed signicantly before and aer the reaction. The parti-
cles with modied corncob showed various precipitates such as
MnS, FeS and Mn(OH)2 aer the reaction, which indicated the
main mechanism of the removal of heavy metal ions. The
particles with modied corncob had multi-porous cross-
lament structure on the surface and inside before the reac-
tion, and there were large pores and cracks as well. Aer the
reaction, the surface and the internal lament structure dis-
appeared, and larger pores and cracks appeared on the surface,
while a large number of small honeycomb-like voids appeared
inside, and the internal structure changed greatly.
RSC Adv., 2019, 9, 19016–19030 | 19029
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