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a b s t r a c t

This study was conducted to examine the feasibility of recovering ferric coagulant from drinking water
treatment sludge (DWTS) for green synthesis of iron nanoparticles (NPs). Black tea extract was utilized
for the bio-reduction of ferric chloride. The as-synthesized product was characterized and confirmed as
iron NPs, using UVevis spectrometry, XRD, FT-IR, SEM, and EDX analyses. The synthesized NPs were
sphere-like with diameter in the range of 20e40 nm. The performance of the iron NPs as micronutrients
supplements in anaerobic digestion of slaughterhouse wastewater was studied at three different con-
centrations. The results showed that the addition of iron NPs in all concentrations improved the biogas
production and shortened the lag phase. The highest biogas yield was obtained from 9mg L�1 of additive
which corresponds to up to 37.6% enhancement over the control reactor. Moreover, iron NPs improved
COD reduction efficiency to 42%.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Sludge produced in drinking water treatment plants known as
Drinking Water Treatment Sludge (DWTS) is continuously
increasing all around the world. Currently, DWTS is disposed to
sanitary sewers, streams, and landfills. Land application is another
solution for the management of DWTS [1]. It contains coagulants,
heavymetals, clays, and organic matters. Somemetals in the sludge
can accumulate into exposed environment and may cause signifi-
cant risk to living organisms and the human [1,2]. From the eco-
nomic and environmental aspects, the recycling of DWTS has
become more attractive and vital option [2]. Some of the main
recycling options are: cement, brick, and ceramic production,
sewage sludge dewatering, agricultural practices, removal of con-
taminants from wastewater, and wetland. Recently, recovery of
coagulants (iron and aluminum salts) from sludge by acid or alkali
treatments have been extensively considered [1e6]. The obtained
material can be utilized as adsorbent, carrier, and chemical pre-
cursors. For instance, Meng et al. [2] recovered Fe3þ fromDWTS and
synthesized iron oxide-SiO2 composite for reactive dye and NaNO2
ari).
adsorption.
Nano scale iron particles are recently receiving extensive

attention due to their special properties. Over the last few years,
various physical, chemical, and biological methods (e.g. co-
precipitation, hydrothermal, sonochemical, and hydrolysis) have
been employed to synthesize iron nanoparticles (NPs) [7e10].
Green synthesis however, is a clean, biocompatible, non-toxic, cost-
effective and eco-friendly method for synthesis of NPs [11e13].
Green synthesis of iron NPs using different plant extracts such as
eucalyptus leaf [14,15], Mangifera indica, Magnolia champaca,
Azadirachta indica, and Murraya koenigii leaf [16,17], green and
black tea leaf [18e20], microorganisms [21,22], and alga extract
[23] have been reported.

Since iron is an essential nutrient for all organisms, iron NPs
have been considered as a potential micronutrient for methano-
genesis bacteria in anaerobic digestion (AD) of organic wastes [24]
which are suitable sources for retrieving energy [25]. In biogas
production, supply of micro-nutrient supplements not only stim-
ulate the methane production, but also improve the process sta-
bility [26e30]. Among various additives, iron NPs are proven to
improve methane yield, decline aromas (e.g. H2S) and facilitate the
removal of chemical oxygen demand (COD) during the AD [31].
Recently, Suanon et al. [31] investigated the influence of iron NPs on
methane production during the AD of sewage sludge.
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In all the aforementioned studies, commercial chemical pre-
cursors with analytical grades (e.g. FeSO4, FeNO3 and FeCl2) had
been used for biosynthesis of iron NPs. Therefore, the present paper
is the first report on successful biosynthesis of iron NPs fromDWTS.
Moreover, not any effort has been done on assessing the effect of
biosynthesized iron NPs on the performance of AD of slaughter-
house wastewater (SW). Hence, the possibility of improving biogas
yield fromAD of SWusing the biosynthesized NPswas investigated.
2. Materials and method

2.1. Iron recovery and biosynthesis

2.1.1. Materials
The DWTS used in this survey was collected from a water

treatment plant (number 1) in Mashhad, Iran. The plant utilizes
ferric chloride as coagulant and calcium carbonate for pH adjust-
ment. In the laboratory, the DWTS sample was air dried at 70 �C for
two days. Then the dried sludge was crushed and sieved. Chemical
composition of DWTS was determined using X-ray fluorescence
spectrometry (PW1404, Philips spectrometer). HCl and NaOH were
purchased from Merck Co (Merck, Germany). For the biosynthesis
test, black tea was obtained from Lahijan tea cultivation farms in
Guilan province, Iran.
2.1.2. Iron recovery
Iron recovery was conducted according to the method reported

by Meng et al. [32]. HCl (2M) was applied to wash out the mineral
ingredients from the DWTS. 15 g of DWTS was acid-washed by a
liquid/solid (L/S) ratio of 20:1 at 90 �C for 3 h under constant stir-
ring. After the acid treatment, the mixture was filtered and the
obtained solution was used for the biosynthesis of iron nano-
particles and further analysis. The color of this solution was yellow.
The filtrates were characterized by ICP-OES analyzer. Fe
(8723mg L�1), Ca (2706mg L�1), Mg (550mg L�1), Al (448mg L�1),
and Si (49mg L�1) were found in the sample.
2.1.3. Biosynthesis of iron NPs
For the biosynthesis of iron NPs, the plant extract was firstly

prepared by adding 20 g of black tea in 1 L distilled water at 80 �C
for 1 h. Then, a certain amount of extract was added to iron re-
covery solution with the ratio of 4:1 (by volume) with constant
stirring until the color of the solution mixture was turned yellow to
black. After that, the obtained product was centrifuged at
12000 rpm and then washed with distilled water and methanol for
several times. Finally, the synthesized iron NPs were dried at room
temperature.
2.1.4. Characterization of the synthesized iron NPs
The synthesized iron NPs were characterized using UVevisible

spectrophotometer (DR 5000, HACH, USA) from 200 to 800 nm.
The X ray diffraction (XRD) analysis was performed using an X-ray
diffractometer (PW1730, Philips, Italy) in the scanning range (2q) of
10e90�. The instrument worked at a voltage of 40 kV and a current
of 30mA with monochromatic Cu Ka radiation. Fourier-transform
infrared spectroscopy (FT-IR) (AVATAR 370, Thermo Nicolet, USA)
was applied to specify the different functional groups on iron NPs.
Field emission scanning electron microscopy (FESEM) images were
provided by an electron microscope (MIRA3, TE-SCAN, Czech Re-
public). Elemental compositions of the DWTS was identified by An
X-ray Fluorescence Spectrometer (Philips PW 1480, Netherlands).
2.2. AD of SW

2.2.1. Substrate and inoculum
SW samples were taken from a slaughterhouse located in

Mashhad, Iran. It is one of the biggest plant of this kind in Iran, with
an hourly throughput of up to 300 sheep. The samples were quickly
transferred to the biogas laboratory at Ferdowsi University of
Mashhad (FUM) and was stored at 4 �C. Digestate from a biogas
pilot plant fed with dairy manure located at the laboratory was
used as inoculum. The inoculum was stored under mesophilic
condition for further degradation and biogas removal. The char-
acteristics of SW is listed in Table 1.

2.2.2. Batch AD experiments
The batch tests were conducted in bottles of 250mL, connecting

to a 1000mL gas collecting bag. The bottles were loaded with
inoculum to substrate ratio (ISR) of about 3.5 (VS-basis) to prevent
acidification as suggested by Ref. [33] (50mL of inoculum and
150mL of SW). The initial pH, TS and COD of the mixture were 7,
1.95%, and 9835mg L�1, respectively. The synthesized Fe NPs was
added to the digesters in three different concentrations (3, 9, and
15mg L�1). A reactor without Fe NPs was also prepared as control
reactor. Moreover, three blank assays were run with inoculum only
to determine its remaining biogas and methane yield. This yield
was subtracted from those obtained from other reactors. All the
tests were performed in triplicate. The headspace was purged with
nitrogen gas for 45 s to perform anaerobic condition [34]. The initial
pH of the mixture in all the reactors was in neutral range, hence
there was no need to add alkaline for pH adjustment. The tem-
perature of the bottles was maintained constant at 35 �C in a
thermostatic water bath.

2.2.3. Analytical procedures
Substrate and inoculum characteristics such as, TS, VS and COD

were determined according to the standard methods [35]. The pH
of thematerials wasmeasuredwith an Ion Concentration/pHmeter
(DR359Tx, EDT DirectION Ltd, UK). The reactors were shaken once a
day for about 30 s before biogas sampling. The volume of the biogas
collected in the collecting bag was measured by a syringe on a daily
basis. The methane concentration was measured by Einhorn's
Fermentation-Saccharometer as described in Refs. [36,37].

3. Results and discussion

3.1. DWTS characterization

The chemical composition of the DWTS was presented in
Table 2. As can be seen in Table 2, there were various metal and
non-metal oxides in the DWTS. Among these, Fe2O3 (33.3%), SiO2
(20.4%), CaO (8.1%) and Al2O3 (6.1%) were the main components of
the DWTS. The amount of other oxides such as K2O, Na2O, TiO2,
MnO, P2O5, and SO3 were less than 2%. The presence of Fe2O3 in the
sludge structure are related to the use of ferric chloride as coagulant
in drinking water treatment where they are used to settle down the
suspended solids like clay and sand fromwater. Beside, SiO2 in the
DWTS is originated from clay minerals and free silica particles. XRD
analysis confirmed the presence of these metal compounds as
shown in Fig. 1. Some trace metals also found in the sludge. Zn, Cl,
and Ba have the highest concentration in DWTS, respectively.

3.2. Characterization of iron NPs

3.2.1. UVevisible
The formation of the iron NPs using black tea extract was

monitored visually and by UVevisible spectroscopy and displayed



Table 1
The characteristics of slaughterhouse wastewater.

Parameter COD mg.L�1 BOD5 mg.L�1 TSa VS (%) C (% of TS) N (% of TS) H (% of TS) S (% of TS) C/N

4462 3123 0.6 0.31 27.3 2.6 4.2 1.78 10.3

a Percent of fresh feedstock.

Table 2
Chemical composition of dried DWTS.

Components Quantity (wt. %) Elements Quantity (ppm)

Fe2O3 33.33 Zn 1772
SiO2 20.40 Cl 1214
CaO 8.18 Ba 704
Al2O3 6.19 Sr 282
K2O 2.11 V 115
MgO 1.83 Cr 108
MnO 0.88 Co 92
TiO2 0.40 Rb 72
SO3 0.38 Ni 69
Na2O 0.33 Mo 26
P2O5 0.31 Y 17
LOI 25.04 Nb 14

Fig. 1. XRD pattern of DWTS.

Fig. 2. Uvevisible spectra of black tea extract, iron NPs, and acid washing solution
containing iron.
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in Fig. 2. After adding the tea extract into iron aqueous solution, the
color of the reaction mixture changed immediately from yellow to
black, indicating the creation of iron NPs. Furthermore, as can be
seen in Fig. 2, in UVevisible spectrums, the control sample showed
a distinct peak at 344 nm. The absorption peak at 308 nm corre-
lated to the tea polyphenols and caffeine of tea extract. After the
reduction process, the peak shifted to a broad continuous adsorp-
tion band (Fig. 2). It proves that the polyphenols and caffeine in tea
extract acted as reducing agents and convert iron into iron NPs.
These results are in consistent with prior studies on biosynthesis of
iron NPs using black and green tea extract [16,18,38].

3.2.2. FESEM and EDX analysis
Fig. 3 shows the FESEM images of iron NPs synthesized using

black tea leaf extract. It can be seen that the obtained iron NPs have
spherical shape with diameter in the range 20e30 nm. Similar re-
sults have been reported for iron NPs prepared by different tea
extracts [11,14,18]. Moreover, the iron NPs tended to aggregate
probably due to the existence of polyphenols or antioxidants in the
tea extract acting as the reducing and capping agents, which can
deduct the aggregation of iron NPs compared to chemically syn-
thesized materials [15]. The elemental composition of the synthe-
sized iron NPs was determined by the EDX. In the EDX spectrum,
three intense peaks of C, O and Fe was found, which verified the
formation of iron NPs by black tea extract. The C and O signals arose
from the polyphenol groups and other C, O-containingmolecules in
the tea extract [14]. The weight percentages of C, O and Fe in the
obtained product were 60.18%, 18.78%, and 11.04%, respectively.
These results are in consistent with Lin et al. study [39].

3.2.3. FT-IR analysis
FTIR spectra of the iron NPs displays some peaks in the spectral

span 400e4000 cm�1 (Fig. 4). The very strong peak at 3409 cm�1

relates to the stretching vibration of OeH of phenolic compound
[16,39], and of around 2917 cm�1 is ascribed to the asymmetric
CeH and CH2 vibrations of aliphatic hydrocarbons [16,40]. More-
over, the peak around 1626 cm�1 can be attributed to the C¼O ring
stretching in polyphenols [39,41]. Eventually, two peaks around
530 and 447 cm�1 refer to Fe-O stretches of Fe2O3 and Fe3O4
[14,16,39], that confirm properly the synthesis of Fe NPs. The for-
mation of iron NPs can be explained with polyphenolic compounds
which present in black tea extract [15,42]. In fact, the phenyl groups
(Ar) directly reduced the iron ions to iron zero-valent particles as
follow [14,15,43]:

nFe2þ þ 2Ar-(OH)n / nFe0 þ 2nAr ¼ O þ 2 nHþ (1)

3.2.4. XRD analysis
The crystal structure of as prepared iron NPs was determined by

XRD. As displayed in Fig. 5, there is no distinctive diffraction peaks
in XRD pattern, indicating that obtained sample is amorphous in
nature. The distinctive peak at 2Ɵ¼ 21.45 is related to the organic
materials polyphenols/caffeine) of tea extract which adsorbed on
NPs [44,45]. Furthermore, small intensity peak appearing at
2Ɵ¼ 44.9 ascribed to zero-valent iron (a-Fe). Similar reflections



Fig. 3. SEM images of iron NPs.

Fig. 4. FTIR spectra of iron NPs.

Fig. 5. XRD pattern of iron NPs.

M. Yazdani et al. / Renewable Energy 135 (2019) 496e501 499
were seen in XRD pattern of iron NPs biosynthesized by green tea
[45], black tea [18], sorghum bran [46], and Terminalia chebula [41].

3.3. The effect of synthesized NPs on AD of SW

3.3.1. Biogas yield
High content of COD and BOD of SW (Table 1) makes it an

interesting feedstock for AD to produce energy in the form of
methane. The effect of different concentrations of the bio-
synthesized iron NPs in AD of SW was shown in Fig. 6.

As can be seen in the figure, addition of iron NPs in all con-
centrations enhanced the startup of biogas production and short-
ened the lag phase. The lag phase for control digester lasted 5 days
during which, only 64 NL kg�1 VS of biogas (with 12% CH4) was
produced. The maximum biogas yield during this period was ob-
tained from the reactor with 9mg L�1 additive (202.46 NL kg�1 VS)
(P< 0.05), whereas the yield from reactors with 3 and 15mg/L
additive was 174.58 and 156.66 NL. kg�1VS, respectively. Biogas
production dropped in 7th day and no biogas was produced until
day 14th for all the digesters, presenting a sever inhibition. Since
this occurred in all the digesters including the control, the inhibi-
tion could be due to the inherent characteristics of the SW. Over
production and accumulation of volatile fatty acids (VFA) that
inhibited the methanogens activities could be the reason [47]. After
7 days of self-recovery, biogas production started again by
following an almost similar curve slope in all the digesters. While a
biogas yield of 610 NL. kg�1VS was achieved from control digester,
the highest biogas yield was obtained from 3 to 9mg L�1 of addi-
tives. This corresponds to up to 37.6% enhancement over the control
reactor. Nevertheless, more dosage of additive led to lower pro-
duction (P< 0.01). Inhibition effect of an element depends on its
concentration, substrate, and the adaptation of the microorganisms
to that element. This concentration is usually very low [48].
Therefore, excess concentration of iron NPs would be toxic [49]. The
minimum concentration of iron NPs as trace element should be
between 1 and 10mg L�1 [50] which was considered in this study.

The methane yield is a key index to evaluate the AD perfor-
mance. Similar to the biogas yield, addition of 3 and 9mg L�1 iron
NPs significantly increased the methane yield (up to 44%) over the
control (P< 0.01). The methane content for reactors treated by 3, 9,
15mg L�1 of DWTSwas 71.89, 71.99, and 74.54 respectively, while it



Fig. 6. The effect of different dosage of iron NPs on cumulative (a) biogas and (b)
methane production.

Table 3
Effect of iron NPs on AD of different feed stocks in mesophilc condition.

Feedstock Iron type Optimum concentration (mg.L�1) Enhanced Methane yield (%) Ref.

Sewage sludge Nano iron 1000 25.1 [31]
Cow manure Fe3O4 NPs 16.67 45 [51]
Sewage sludge NZVI e 40.4 [29]
Manure Fe3O4 NPs 20 95 [27]
SW Fe NPs 9 45 Present work
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was 68.20 for control. These enhancements in the methane yield
can be related to the partial conversion of produced CO2 tomethane
in the presence of iron NPs via the electron transmission [31] as
presented in equation (2).

8Hþ þ 4Fe0 þ CO2/ CH4 þ 4Fe2þ þ 2H2O (2)

3.3.2. pH and COD
The pH value is an important factor affecting the digestion

process. The value of pH at the end of the runs for the reactors with
0, 3, 9 and 15mg L�1 additive was 7.70, 7.35, 7.37 and 7.32,
respectively. Having pH in the neutral range not only shows the
favorable conditions during the AD, but also confirms the stability
of the digestion. Furthermore, the impact of iron NPs on COD
reduction was investigated. The COD reduction in control reactor
was 51% while it improved to 72% for 3 and 9mg L�1, and 70% for
15mg L�1 of iron NPs. It can easily be understood that iron NPs had
positive impact on COD reduction. The COD removal efficiency
enhancement of 38e42% over the control digester was obtained by
the use of iron NPs. These results are very interesting from the
practical point of view. In large scale biogas plants, application of
NPs would be very costly while, recovery of these materials from
sludge could be more economic and environmentally friendly way.
However, further researches are needed for scale up and process
optimization.

The results from the use of iron NPs in the AD of SW were
compared with literature (see Table 3). The improvement in
methane yield through the addition of different types of iron varies
from 9% up to 95%. For example, Suanon et al. [31] studied the
application of nano scale iron and iron powder during sludge
anaerobic digestion. Their results demonstrated 25% increase in the
methane yield [31]. Moreover, Abdelsalam et al. [27] reported an
increase of 95% methane from anaerobic digestion of manure using
different iron NPs. In the present study, an enhancement up to 45%
inmethane yield was achieved from the AD of SW. It is worthy to be
mentioned that in these literature, the NPs were purchased from
creditable companies with high purity, or were prepared with
chemical synthesis methods from the laboratory materials. None-
theless, the results from the present work is comparable with those
obtained using high purity NPs.

4. Conclusion

Iron NPs from DWTS was successfully biosynthesized using
black tea extract and was confirmed by UVevisible spectroscopy,
XRD, SEM, EDX, and FTIR analyses. The synthesized NPs were
sphere-like with diameter in the range of 20e40 nm. This product
was used as micronutrients in AD of SW. The results indicated that
adding different concentrations of iron NPs into the digester, leads
to increase in methane production up to 45%. Furthermore, it
significantly improved the COD reduction.
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