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ABSTRACT

Zero valent iron (ZVI) is the most commonly applied as a reactive media in remediation of
wastewater treatment. In this work, a novel ZVI-acid pretreatment was expected to improve
the anaerobic fermentation of waste activated sludge (WAS). The experimental results
showed that pH significantly affected the function of ZVI, and the maximum SCOD, soluble
protein, and polysaccharides were observed at pH 3.0 in the presence of ZVI. At fermenta-
tion time of 4 d, the maximum total volatile fatty acids (VFAs) was 900 mg/L with ZVI
dosage of 1 g/g DS, which was 1.53-fold higher than the blank test. The analysis of VFAs
composition showed that acetic, propionic, and valeric acids were the three main products at
any ZVI dosage, and ZVI dosing contributed to a greater proportion of acetic acid and a les-
ser proportion of propionic acid. Meanwhile, mechanism investigations showed that the
hydrolysis of soluble substrate as well as acidification of hydrolysate was apparently
enhanced by ZVI dosing. These results suggested that the ZVI-acid pretreatment was helpful
to accelerate and improve anaerobic acidogenesis of WAS.

Keywords: Waste activated sludge; Anaerobic fermentation; Hydrolysis; Acidification;
Volatile fatty acids; Zero valent iron

1. Introduction

With the rapid urbanization of many areas of the
world, activated sludge process has been used widely
for treating municipal and industrial wastewater.
However, as the main solid waste in waste water
treatment plants (WWTPs), waste activated sludge
(WAS) is inevitably produced in large quantities. The

*Corresponding authors.

conventional treatment and disposal of WAS mainly
include landfill and incineration, which is not suitable
due to high disposal costs, land scarcity and the
increasingly stringent environmental control regula-
tions [1]. Thus, the strategy for sludge disposal is
moving toward to more cost-effective and environ-
mentally benign technique.

During the past several years, the anaerobic fer-
mentation of WAS has gained increasingly attention
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due to sludge reduction and biological production of
high added-value produced from this process [2].
Recently, the production of volatile fatty acids (VFAs)
from WAS has attracted growing concerns since VFAs
are preferred additional carbon sources for biological
nutrient removal [3-5] or the synthesis of biodegrad-
able plastics polyhydroxyalkanoates (PHAs) [6] during
sludge fermentation. It is well known that anaerobic
fermentation mainly includes three steps: hydrolysis,
acidification, and methane production. Therefore, if
the hydrolysis and acidification were enhanced and
the methane production of VFAs was inhibited, the
accumulation of total VFAs production would increase
during anaerobic fermentation. The main strategy for
improving the production of VFAs was to enhance the
characteristic of sludge, disrupt sludge flocs and
bacteria cells, release cellular components, and acceler-
ate subsequent acidification. The influence of tempera-
ture, pH, solid retention time, carbon to nitrogen ratio
(C/N), and other parameters on sludge fermentation
has been intensively studied [7-10], and various meth-
ods for sludge pretreatment have been reported, such
as mechanical treatment [11], chemical treatment [12],
thermal treatment, and biological treatment [13]. In
the literature, some researchers also studied the effects
of combination of any two of these methods, including
ultrasonic-alkaline [14], thermo-alkaline [15], surfac-
tant-enzyme [16], and hybrid microwave (MW)-alkali
treatments [17].

As a cheap metallic material, zero valent iron
(ZV]) is increasingly used in municipal and industrial
wastewater treatment for the removal of less
biodegradable pollutants, such as halogenated hydro-
carbons (e.g., TCE) [18,19], nitroaromatic compounds
[20], synthetic dyes [21], heavy metals (e.g., Ni*,
Hg®") [22], As(IIl) [23], and As(V) [24]. Recently, ZVI
has attracted much attention due to its reductive prop-
erty on anaerobic fermentation [25]. ZVI can also serve
as an electron donor in the microbial metabolism,
which may improve the performance of anaerobic fer-
mentation systems. It has been found that ZVI was
readily utilized in anaerobic mixed culture to support
methanogenesis and sulfate reduction. Moreover,
some publications have reported that ZVI could pro-
mote COD removal and accelerate sludge granulation
in an anaerobic wastewater process [26].

Despite all these efforts, research on some aspects
is still insufficient. Although it has been observed that
the addition of ZVI can enhance anaerobic digestion
of WAS, the optimal ZVI dosage for maximizing VFAs
produced from WAS fermentation remain undeter-
mined. To date, many investigations have indicated
that fermentation under alkaline conditions is a prefer-
able technology for VFAs accumulation. However,
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according to the chemical reaction of Fe® with H,O
under anaerobic conditions in Eq. (1):

Fe® + 2H,0 = Fe?* + H, + 20H (1)

It is obvious that Fe** release is strongly affected by
the change of pH values, and the reaction is appar-
ently accelerated under acidic condition. Thus, the sole
addition of ZVI is not a sustainable pretreatment for
the WAS fermentation, and an efficient way to
enhance the function of ZVI is needed.

Therefore, in this work, a novel strategy based on
ZVl-acid pretreatment to enhance VFAs production
was evaluated in laboratory-scale reactors, and the
effect of pH on the function of ZVI was also
discussed. In addition, the mechanism of VFAs
accumulation enhanced by ZVI was investigated.

2. Materials and methods
2.1. Source of WAS

The WAS used in this study was obtained from
the secondary sedimentation tank of a municipal
WWTP in Nanjing, China. The source WAS was con-
centrated by settling for 24 h and stored in a fridge at
4°C, and the main characteristics of the concentrated
WAS are shown in Table 1.

2.2. ZVI-acid pretreatment with different pHs

The pretreatment of ZVI under acidic conditions
was carried out as the following: 750 mL of WAS was
evenly distributed into seven batch reactors, ZVI was
added into each reactor with a dosage of 1g/g dry
sludge (DS). Meanwhile, the pH value in the reactor
was immediately adjusted to 3.0, 4.0, 5.0, 6.0 and
uncontrolled, respectively, by adding appropriate
dosage of 2M NaOH or 2 M HCI. All reactors were
mixed with an air-bath shaker at 180 rpm, and each
pretreatment lasted for 24 h. The SCOD, soluble pro-
tein, soluble polysaccharide, and VFAs were measured
before and after pretreatment.

2.3. Batch fermentation experiments in the presence of ZVI

Batch laboratory-scale anaerobic fermentation
experiments were conducted in 250 mL serum bottles
containing 150 mL WAS each. The ZVI was added
into the reactors at dosages of 0.5, 1, and 2 g/g DS,
respectively. The blank test was conducted in the
absence of ZVI simultaneously. According to the dis-
cussion below, the pH values of all reactors were
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Table 1
Characteristics of WAS
Parameter Value
Solid content ratio, % 3.0+0.1
pH 6.82 + 0.05

TSS (total suspended solids), mg/L

VSS (volatile suspended solids), mg/L

STOC, mg/L

TCOD (total chemical oxygen demand), mg/L
SCOD (soluble chemical oxygen demand), mg/L
Total VFAs (volatile suspended solids), mg/L
Solute carbohydrate, mg/L

Solute protein, mg/L

27,640 = 290
11,560 + 204
1,805.3 + 10.1
15,200 + 957 .4
288.0 + 4.7
783 £ 8.4
82462
503 +£2.7

adjusted to 3.0 as available pretreatment pH. All reac-
tors were mixed using mechanical stirrers, and each
pretreatment lasted for 24 h. The pH values of all reac-
tors were adjusted at 10.0 after ZVI-acid pretreatment
according to our previous study [27], and high-pure
nitrogen gas (99.999%) was sparged into the reactors
for 5 min to maintain strict anaerobic condition, then
sealed with rubber plugs and operated at 30°C on an
air-bath shaker at 200 rpm. The samples in all reactors
were assayed every certain interval.

2.4. Investigation on the mechanism of Fe’-enhanced VFAs
production

In order to study how the VFAs production from
WAS was enhanced by the presence of ZVI, the
following experiments were developed.

To understand how the presence of ZVI affects the
hydrolysis of solubilized sludge particulate organic-
carbon, bovine serum albumin (BSA, M,, 67,000) was
used as a model protein compound, dextran (average
molecular weight M,, ~20,000) and soluble starch
were used as model polysaccharide compound in this
study, respectively. One hundred and fifty milligrams
of model compound (BSA, dextran or starch) was dis-
solved into 130 mL Milli-Q water. After that, 20 mL
aliquot of WAS was added to each serum bottle as an
inoculums with a final sludge concentration of
approximately 4,000 mg/L. ZVI was then added to
each reactor at a dosage of 1 g/g DS. The batch reac-
tors were maintained at 30°C, and the other conditions
were as the same of the WAS fermentation experi-
ments in the presence of ZVI.

The effect of ZVI on the acidification of hydrolyzed
products was also investigated with synthetic wastewa-
ter of L-alanine (model amino acid compound used in
this study) and glucose (model monosaccharide

compound), respectively. One hundred and fifty mil-
ligrams of model compound (L-alanine and glucose)
was dissolved into 130 mL Milli-Q water, and 20 mL
aliquot of WAS was added to each serum bottle as an
inoculums with a final sludge concentration of approxi-
mately 4,000 mg/L. ZVI was then added to each reactor
at a dosage of 1 g/g DS. The batch reactors were main-
tained at 30°C, and the other conditions were as the
same of the WAS fermentation experiments in the
presence of ZVI.

2.5. Analysis methods

All sludge samples taken from the reactors were
centrifuged at 5,000 rpm for 5 min and then filtered
through 0.45 pm PFS membrane prior to analysis. The
analyses of pH, VFAs, soluble polysaccharide, soluble
protein, SCOD, TSS, and VSS were the same as
described in our previous publication [27]. The con-
centration of soluble iron was determined according
to Standard Methods for Examination of Water and
Wastewater (APHA, 1998) [28].

Enzyme assays for a-glucosidase, protease, and
a-amylase were carried out using p-nitrophenyl-o-D-
glucopyranoside, azocasein, and soluble starch as sub-
strates, respectively. The activities of enzymes were
determined according to the reported methods [29].

2.6. Statistical analysis

All assays in this study were performed in tripli-
cate, and the results were expressed as mean + stan-
dard deviation. One-way analysis of variance
(ANOVA) was used to detect the significance of
results, an LSD test was used to detect any differences
between pairs of variables, and p < 0.05 was consid-
ered to be statistically significant.
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3. Results and discussion
3.1. Effect of pH on ZVI-acid pretreatment

The changes in WAS characteristics after 24 h ZVI-
acid pretreatment were presented in Fig. 1. After 24 h
pretreatment, the total SCOD increased with decreas-
ing of pH values. For the untreated experiment, Fig. 1
showed a slight increase of SCOD (100 mg/L). In con-
trast, SCOD increased significantly during pretreat-
ment pH decreased from 6.0 to 3.0, and the maximum
SCOD was 1,803 mg/L with Fe” dosages of 1g/g DS
and pH 3.0, which was approximately six times that
initial SCOD. The results implied the degree of cell
lysis and/or EPS solubilization may have been
improved with ZVI-acid treatment. A similar trend
was also observed in the case of soluble proteins and
soluble polysaccharides. However, all of experiments
are showing that the pretreatment had little or no
effect on the accumulation of VFAs, which might be
due to the inhibition of strong acidity on the activity
of acidogenic bacteria [30].

Moreover, the maximum sludge solubilization effi-
ciency observed in this study was compared with
other pretreatment systems reported in literature, and
the result was summarized in Table 2 [31-33]. The
results showed in this study was higher compared
with the reports in other studies. Specially, the
improvement of soluble proteins was higher than the
single acid pretreatment in the literature (16 times vs.
5.5 times). The reason might be that the addition of
ZVI under the acidic condition significantly
accelerated the solubilization of WAS, which had more
abundant proteins [34].

2000
I f Residual-SCOD
FNNY] Polysaccharides
1500 |- V) VFAs

1000

Carbon mass substance (mg COD/L)

N\ D
3 4 5

pH value during 24h pretreatment of WAS

Fig. 1. Carbon mass balance ZVl-acid

pretreatment at different pHs.

analysis of
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The function of Fe® could be only made by the
reaction: Fe’—2e” =Fe?’, and the Fe?* leaching
reflected the intensity of Fe® function [35]. Therefore,
Fe®* concentration under different pH values was
shown in Table 3. The Fe** concentration at pH 3.0
was significantly higher than other cases, which was
around 52 mg/L in aqueous phase. Consequently, the
optimum pH for ZVI-acid pretreatment was deter-
mined as approximately 3.0 and was selected for the
subsequent experiments.

3.2. Effect of ZVI on oxidative—reductive potential (ORP)

It is believed that hydrolysis and acidification of
WAS are closely related with ORP. The average ORP
value in reactors with different ZVI dosages was
shown in Fig. 2. It was obvious that the ORP value
decreased greatly to —283.5, —260.5, =291 mV with ZVI
dosages of 0.5, 1, 2 g/g DS, respectively, while it was
—145mV in the blank test. The results indicated that
ZVI could effectively decrease the ORP and created a
favorable anaerobic environment for the growth of
anaerobes. Moreover, the decline of ORP could result
in the variation of fermentation type [30,36], which
subsequently influence VFAs generation. The changes
of VFAs composition were discussed in Section 3.4.

3.3. Improvement of total VFAs production on different Fe’
dosages

The effects of Fe’ dosages on total VFAs produc-
tion (including formic, acetic, propionic, valeric, and
butyric acids) are shown in Fig. 3. It could be
observed that the maximum total VFAs production
was improved by the presence of ZVI. As seen in
Fig. 3, the total VFAs had a similar trend with fer-
mentation time at all of reactors. The average VFAs
concentrations increased from the initial 300 mg/L to
their respective maximum on the fourth day. The
specific maximum VFAs yields for 4 d fermentation
time were 810, 940, and 744 mg/L with ZVI dosages
of 0.5, 1, and 2 g/g DS, respectively, while it was only
580 mg/L in the blank test on the 4th day. It indicated
that the VFAs production with ZVI dosage of 1g/g
DS was 62% higher than that of no-ZVI dosage. Thus,
the results suggested that the optimum conditions for
VFAs production were ZVI dosage of 1g/g DS and
fermentation time of 4 d.

Also, it can be observed from Fig. 3 that VFAs
were decreased with a further increase in time at all
dosages of ZVI due to the activity of some microbes,
such as methanogens. Further investigation revealed
that the consumption of VFAs with Fe’ dosages of
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Table 2
Effect of different acid pretreatment methods on the solubilization of solid waste
Effect of pretreatment
Pretreatment Solid Increase in Increase in  Increase in
methods wastes Pretreatment conditions SP SC SCOD References
Acid WAS HCl, pH1,24h 4.5 times 4 times 4 times [30]
Food HCl, pH 3,4°C, 24 h 25% 20% 28% [31]
waste
Ultrasound + acid Food Ultrasonic pretreatment, pH 3, 29% 29% 29% [31]
waste 4°C,24 h
Thermo-acid WAS H,SO,, pH 3, 90°C 430 mg/L 200 mg/L  Not [32]
determined
ZVT-acid WAS HCl, pH 3, 1 g/g DS Fe’ 15 times 3 times 5.2 times This study
powder
Table 3 1000 - —
Fe®* concentration under different pH values pretreatment pu— e 05
900 | pin ! ‘~--.._____H. : —h— |
pH Fe?* (mg/L) /i w1 w2
800 | _.-"' » . ] J.l
3 51.98 2 1/ x . .
4 35.28 E 10 i '
5 18.36 £ ol
6 10.14 R | _
Blank 8.86 E ol *
2 [
B e
400 -
|'Illllr i
300 | ?/
a0 F T T 200 " L " L " L . L
0 2 4 6 8 10
f ‘ % Time (d)

2250 |- 7 7 S
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=50

Blank 0.5 2

Fig. 2. ORP variation in the presence of ZVI.

2 g/g DS was faster than other three reactors, which
might be attributed to the enhancement of higher Fe’
concentration to methanogenesis [25]. Besides, the
VFAs concentration was lower at higher Fe’ dosage
during the initial increase of VFAs. For example, the
maximum total VFAs concentration was 900 mg/L at
Fe® dosage of 1g/g DS, while it was only 744 mg/L

Fig. 3. Effects of Fe’ dosage and fermentation time on total
VFAs production.

at 2 g/g DS, the reason was likely that the toxic effects
of higher Fe” concentration to microorganism.

3.4. Composition of VFAs on different Fe’ dosages

The effects of fermentation time and ZVI dosages
on the percentage of individual VFA (including for-
mic, acetic, propionic, butyric, and valeric acids)
accounting for total VFAs were shown in Fig. 4. As
seen in Fig. 4, acetic, propionic, and butyric acids were
the three main products at any ZVI dosage investi-
gated in 9-day fermentation time. During the initial
4-day fermentation time, acetic acid was the most
prevalent acid, which accounted for approximately
53-64% of the total VFAs in all cases. With further
increasing fermentation time, the percentage of acetic
acid decreased sharply, and the propionic and valeric
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Fig. 4. Percentage of individual VFAs during entire fermentation time in the presence of ZVI (From left to right: Blank,

0.5, 1, and 2 g/g DS).

acids were increased gradually. Compared to the
blank text, acetic acid fraction remained relatively
stable in the reactors treated with ZVI. For example,
the percentages of acetic and propionic were only 1.7
and 45.0%, respectively, in the blank test with fer-
mentation time of 9d, whereas they were 42.5 and
24.8% at ZVI dosage of 1g/g DS, indicating that Fe®
dosing contributed to a greater proportion of acetic
acid and a lesser proportion of propionic. The result
was in agreement with other literature, in which the
conversion of propionate to acetate was enhanced by
ZVI addition [30].

3.5. Mechanism of VFAs production enhanced in the
presence of ZVI

To further clarify the impacts of Fe” on the
hydrolysis of protein and polysaccharide, batch tests
with synthetic wastewaters of model protein (BSA)
and model polysaccharide (dextran and starch) were
conducted, respectively, and the hydrolysis of WAS
could be expressed as the degradation rate of model
protein and polysaccharide in the fermentation liquid.
The results were shown in Fig. 5. The degradation rate
of BSA was 35.3% at fermentation time of 6 d, but it
was only 13.4% in the blank. Similarly, for starch and
dextran, the degradation rate was 71.9 and 65.4% with
ZVI dosing, respectively. However, it was only 48.9
and 51.8% in the control tests, respectively. Further-
more, the acceleration of hydrolysis could be ascribed
to the enhancement of enzyme activity, so the analysis
of hydrolytic enzyme activity in the synthetic

BSA

Degradation (%)

ZV1 dosing

Blank

Fig. 5. Effect of ZVI on the degradation of BSA, starch,
and dextran.

wastewaters above, including protease, a-glucosidase,
and o-amylase, were illustrated in Fig. 6. It was appar-
ent that all of enzymes activities were increased in the
presence of ZVI, indicating that the hydrolysis of both
protein and polysaccharide was significantly enhanced
by ZVI addition, it may attribute to the function of
pyruvate—ferredoxin = oxidoreductase, ~which was
facilitated by the release of Fe*".

As is well known, the main hydrolysates, such as
monosaccharide and amino acid, are converted to
VFAs during WAS acidification stage. The batch
experiments with synthetic wastewaters of model
monosaccharide (glucose) and model amino acid
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Fig. 7. Effect of ZVI on the degradation of glucose and
L-alanine.
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Fig. 8. VFAs production with glucose (a) and L-alanine (b) in the presence of ZVI.

(L-alanine) were performed to estimate the effect of
Fe on the acidification process, and the results with
acidification time of 4 d are shown in Figs. 7 and 8.
The degradation of glucose and L-alanine was, respec-
tively, 79.5 and 48.3% in the presence of ZVI, was
higher than that in the blank. From Fig. 7(a) and (b), it
was noticed that the VFAs production with glucose
and L-alanine in the presence of ZVI was increased
compared with that in the absence of ZVI. It may attri-
bute to the growth of hydrogen-consuming microor-
ganisms (e.g., homoacetogens) was enhanced by ZVI
[35]. Obviously, both the degradation of glucose and
L-alanine and the production of VFAs were improved
by ZVI addition.

4. Conclusion

A novel pretreatment of ZVI-acid for enhancing
anaerobic fermentation of WAS was successfully
investigated in this study. According to the experi-
mental results, using ZVI-acid pretreatment, the accu-
mulation of VFAs production was effectively
improved. The pH of 3.0 was the optimal pH for the
release of Fe?*, showing a significant degree of cell
lysis and/or EPS solubilization. Acetic, propionic, and
butyric acids were the prevalent VFAs at any case,
and the conversion of propionate to acetate was also
accelerated in the presence of ZVI. Additionally, the
optimum Fe’ dosage and fermentation time observed
in present work were 1 g/g DS and 4 d, respectively.
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The reasons for VFAs being significantly improved
in the presence of ZVI were the enhancement of sol-
ubilization of WAS particulate organics, hydrolysis of
soluble substrate and acidification of hydrolysate. Fur-
thermore, hydrolytic enzymes (protease, a-glucosidase,
and a-amylase) were apparently active in the presence
of ZVI. These results suggested that ZVI dosing was
helpful to the WAS anaerobic acidogenesis and the
accumulation of VFAs production.
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