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ts (adsorption and biodegradation)
of Streptomyces hydrogenans immobilization on
nano-reed biochar for further application in upflow
anaerobic sludge blanket

Aya Mohamed,a Sahar EL-Shatoury, b Ahmed Aboulfotoh,c Khaled A. Abd El-
Rahemd and Abeer El Shahawy *a

Water pollution due to wastewater is a serious issue that needs to be studied as many organic compounds

are released from wastewater, affecting the ecosystem. Therefore, appropriate treatment methods should

be used to prevent these effects. Phragmites australis biochar immobilized with bacteria was prepared in

this study for use as an adsorbent in a pilot-scale up-flow anaerobic sludge blanket (UASB) to remove

organic matter from wastewater in a buffalo farm. Combining reed biochar and immobilized

Streptomyces hydrogenans introduces a synergistic effect: reed biochar serves as a substrate for

microbial colonization and provides a conducive environment for microbial growth while Streptomyces

hydrogenans, immobilized on the biochar, enhances the degradation of organic matter through its

metabolic activities. Suitable techniques were employed, including infrared spectroscopy (FTIR) to

determine the functional groups before and after adsorption, scanning electron microscopy (SEM) to

determine the morphology of the composite before and after adsorption, X-ray diffraction (XRD) to

examine the mineralogical changes through reflectometry, high-resolution diffraction and Brunauer–

Emmett–Teller (BET) analyses to determine the surface area that always carried out by nitrogen

adsorption/desorption technique based on the BET isotherm. Two-level factorial design experiments

optimized using biochar, immobilized with bacteria, were employed to enhance the UASB performance.

Chemical oxygen demand (COD) removal and biogas production were studied as a function of four

experimental parameters: biochar dose, buffalo sludge dose, pH, and bacteria type. The buffalo sludge

(manure) dose negatively affected the model's performance. The results showed better COD removal

with Streptomyces hydrogenans S11 inoculation. The optimum biochar dose, buffalo sludge dose, and

pH were 20 g L−1, 0%, and 7.5, respectively. The COD removal efficiency under these experimental

conditions reached 92.70% with a biogas production of 5.0 mL. The experimental results of a validated

point from the model were 90.80% for COD removal ratio and 4.80 mL for biogas production at 2 g L−1

biochar dose, 0% buffalo sludge dose, and pH 7.5 using Streptomyces hydrogenans S11 bacteria. A

buffalo wastewater (BWW) anaerobic digestion experimental model was best fitted to the data under

optimal conditions. This study aligns with the United Nations Sustainable Development Goals (SDGs),

specifically SDG 6 (clean water and sanitation) and SDG 12 (responsible consumption and production).

The implications of our work extend to large-scale applications, promising a greener and more

sustainable future for wastewater treatment.
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1. Introduction

In the past two decades, with global population growth, the
demand for water for both human consumption and industrial
use have increased, leading to higher wastewater volumes being
discharged into the aquatic environment.1,2 Household sewage
is a complicated wastewater type that includes solid particles
and dissolved organic matter. Organic polymers such as
carbohydrates, lipids, and proteins account for 30–70% of
domestic sewage's particulate chemical oxygen demand
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(CODP). These organic particles have slow kinetic degradation
and can reduce the effectiveness of treatment methods.

Sewage treatment using conventional methods, such as
primary sedimentation and secondary aerobic biological treat-
ment, is highly efficient. This efficiency, however, necessitates
high initial investment, ongoing maintenance, and cutting-
edge technology.3,4 If discharged into the receiving waters,
domestic wastewater's environmental impact is signicant
enough to warrant the extensive documentation of domestic
sewage treatment.5,6 In addition, there is a severe lack of potable
water.5,7 Wastewater can be treated in several ways including
coagulation–occulation,8,9 inltration-percolation,10,11

bentonite treatments,12 aerobic treatment,13 and anaerobic
treatment.14,15 Based on the above, it is clear that anaerobic
digestion is an appropriate and cost-effective solution for
domestic wastewater treatment in most developing countries.16

Several reasons, like the anaerobic process, have some advan-
tages over the more common aerobic ones.17,18 The ability to
perform the process in a decentralized manner means that this
application has the potential to signicantly reduce the
investment costs of sewage treatment plants.1,19 The majority of
recent research on anaerobic treatment has centered on
adsorption processes.20 For developing regions, adsorption
works well as it is simple to use, can be regenerated, and
produces little toxic sludge.7 It is generally agreed that the lower
investment cost and smaller environmental impact of the
processes based on naturally occurring, locally available
adsorbents make them more accessible for developing coun-
tries according to the release of carbon dioxide.20

Solid adsorbent captures pollutants via adsorption at its
surface's active sites. Previous studies have utilized clays,
zeolites, and activated carbon, with activated carbon being
especially popular for removing micro-pollutants from water
during purication.6,7,21 Sustainable substrates, such as biochar,
can be produced locally using residual biomass and carefully
managed pyrolysis conditions. Biochar is considered econom-
ical and environmentally friendly due to its large surface area,
high porosity, functional groups, high cation exchange capacity,
stability, and reusability.1,21 Phragmites australis (Pa) biomass is
a prevalent and dominant plant species in many aquatic
ecosystems, known for its high concentrations of lignin and
cellulose. As an abundant and renewable non-food resource,
lignocellulosic biomass like Pa is ideal for biochar production.
The major components of lignocellulosic biomass cellulose
(38.1%), hemicellulose (30.6%), and lignin (21.3%) result in
biochar with varying properties, such as specic surface area
and pore size, due to differences in the thermal decomposition
behaviors. In the North Delta, Egypt, Pa grows aggressively and
invasively around lakes, ponds, riverbanks, and canals.22 Since
it has no economic value as food or animal feed, it is considered
a low-value resource.

The goal of microbial wastewater treatment is to decompose
the organic material in wastewater via the metabolic activity of
microorganisms. However, there are certain drawbacks to
microbial bioremediation employing free cells, including (a) the
potential for high contaminant concentrations to be harmful to
microorganisms, (b) competition with native microbiota, (c)
© 2024 The Author(s). Published by the Royal Society of Chemistry
a lack of nutrition in the polluted medium, (d) and microbial
survival and multiplication.23 Microorganisms can be immobi-
lized in a variety of solid matrices, including polyvinyl alcohol,
silica, diatomite, bentonite, alginate, nanoparticles, zeolite, and
biochar, to get around these problems. These matrices increase
the process operational stability and increase the ability to
recover and reuse microorganism materials.24 Microbial immo-
bilization technology uses physicochemical methods to perma-
nently attach microorganisms to designated carriers, extending
their viability and maintaining cell activity.20 One particularly
interesting potential transport material for microbes is biochar,
a highly stable and carbon-rich product obtained from the
pyrolysis of different biomasses.23 Biochar's high porosity and
good adsorption effect make it a useful carrier for immobilizing
microorganisms.25 Treatment with bacteria and biochar was
more effective than with bacteria alone or biochar only for
removing polycyclic aromatic hydrocarbons.19,26 Sludge biochar
immobilized Enterobacter sp., which removed 60.85%of COD.27 It
was discovered that the Pseudomonas hibiscicola L1 strain
immobilized on peanut shell biochar (PBC) could efficiently
remove both metals and organic matter from wastewater.

Because of its capacity to adsorb and biodegrade a variety of
pollutants through the material's and microorganisms' syner-
gistic effects, biochar thus emerges as a superior microbial
carrier for bioremediation applications, enhancing the decon-
tamination efficiency.28,29 This study endeavours to assess the
effectiveness of a newly introduced natural bio-adsorbent in
eliminating COD from wastewater through an experimental
design for modelling and enhancing the process. To investigate
the separation and combined effects of four crucial parameters
on COD removal, we used a full 24-factorial design that included
both low and high level doses of biochar, inoculum amounts,
pH levels, and different types of bacteria. In alignment with the
United Nations Sustainable Development Goals (SDGs), this
study supports SDG 6 (Clean Water and Sanitation) and SDG 12
(Responsible Consumption and Production) by developing
sustainable methods for wastewater treatment and organic
matter removal.
2. Materials & methods
2.1. Water source

Daily, a huge number of buffaloes were brought to be cleaned
before being milked in a buffalo washer placed at the farm of
the Faculty of Veterinary at Suez Canal University, Ismailia,
Egypt (as shown in Fig. 1). The effluent wastewater was collected
on an underground tank (capacity 8 m3). Selected parameters
were assessed at Suez Canal University's Centre for Environ-
mental Studies and Consultants in Ismailia, Egypt. The received
wastewater grab samples were taken from a depth of one meter
in the Centre of the ground tank in a clean, colourless, sterilized
bottle with a plastic stopper.
2.2. Preparation of Phragmites australis biochar

Phragmites australis was collected at the Suez Canal University
Veterinary Experimental Farm in Ismailia, Egypt. The collected
RSC Adv., 2024, 14, 22828–22846 | 22829
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Fig. 1 Wastewater sampling site.

Table 1 Measurement and analysis techniques

Wastewater quality Standard method

pH pH meter (Adwa AD 1030 pH Benchtop meter)
NH3 Multiparameter-Photometer (Hanna HI83303)
COD Closed reux, colorimetric method
BOD 5 days incubation at 20 °C
Total dissolved solid Dissolved solids dried at 103–105 °C
Total suspended solid Suspended solids dried at 103–105 °C
Colour Digital colorimeter

(HI8424 Portable pH/ORP Meter)
Turbidity Digital Nephelometer

(Orbeco-Hellige® USA)
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Phragmites australis were cut into 5–10 cm pieces, followed by
rinsing with clean water several times until the ltered water
was clear. Then, the pieces were rinsed again with distilled
water three times and put in an oven (WHL-25A, TAISITE,
Tianjin, China) to dry at 105 °C for 12 h. The dried reed biomass
was fully ground and sieved (100 mesh sieve with an aperture of
0.15 mm), placed in a sample bag, and moved into a desiccator
for use. Slow pyrolysis accomplished biochar preparation
because it yields more biochar and has a greater carbon content
overall.30 The temperature was held at 300 °C for two hours aer
the heating rate was adjusted to 10 °C min−1. These samples
were heated and then allowed to cool naturally to room
temperature. The selection of low-temperature biochar (300 °C)
was based on two primary considerations: rstly, temperatures
exceeding 300 °C impeded the ability of Gram-negative bacteria
to communicate with one another, and secondly, high-
temperature biochar increased the production of persistent
free radicals (PFR).31

2.3. Preparation of manure

Animal manure of animal origin is a source of methanogenic
microbial consortia. A fresh sample of buffalo droppings was
collected from a buffalo yard with a 2-in-1 litter closed clean jar
from a farm for veterinary research at Suez Canal University,
Ismailia, Egypt. To create an anaerobic digester, we used two
plastic containers, each of which was initially charged with
500 g of buffalo dung slurry diluted to 4 : 5 (w/v) with tap water
to 8–10% total solids.32

Manure was prepared by incubating it at 37 °C in an airtight
plastic container for three weeks before use in lab batch
experiments.33,34

2.4. Media preparation

10 g soluble starch, 0.3 g casein, 2 g KNO3, 2 g NaCl, 2 g K2HPO4,
0.05 g MgSO4$7H2O, 0.02 g CaCO3, 0.01 g FeSO4$7H2O, and 15 g
22830 | RSC Adv., 2024, 14, 22828–22846
agar were dissolved in 1000 mL of distilled water to make starch
casein agar medium (for Streptomyces sp. cultivation). For
Pseudomonas sp. 1 cultivation, a nutrient agar medium was
prepared by dissolving 28 g of nutrient agar in 1000 mL of
distilled water. The pH of both the media was adjusted with
a digital pH meter (Adwa AD 1030 pH Benchtop Meter) to 7.0 ±

0.5. There, 15 minutes were spent sterilizing the media at 121 °
C. Finally, 20–25 mL of the sterile starch casein agar medium
was poured onto sterile Petri plates in the microbiological hood
and allowed to solidify at room temperature.
2.5. Cultivation of the bacterial strains

Bacterial strains were chosen for this study based on their
history of being isolated from industrial effluent and their
demonstrated capacity for degradation.35 Both strains, Strepto-
myces hydrogenans S11 and Pseudomonas sp. 1, were provided as
freeze-dried cultures from the Actinomycetes' Lab, Faculty of
Science, Suez Canal University. Aliquots of 0.01 mL were inoc-
ulated onto the appropriate medium using the spread plate
method and incubated until complete maturity in FISHER
ISOTEMP 200 ERIES incubators. The incubation conditions
© 2024 The Author(s). Published by the Royal Society of Chemistry
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were 28 °C, 14 days and 37 °C, 1 day for the Streptomyces
hydrogenans S11 and Pseudomonas sp. 1 strains, respectively.

2.6. Physiochemical analysis of wastewater

As shown in Table 1, a wastewater grab sample was analyzed for
the physiochemical–biological parameters like pH, COD, BOD,
TDS, TSS, NH3, color, turbidity, and alkalinity using the
methods outlined in “standard methods for the examination of
water and wastewater” by the American Public Health Associa-
tion (APHA, 2017).36,37 Daily, the liquid displacement method
would estimate the methane volume produced.38,39

2.7. Physiochemical analysis of Phragmites australis biochar

The elemental chemistry analysis of Phragmites australis bio-
char was carried out by the UATRS division of the National
Center for Scientic Research using an “Axion” X-ray uores-
cence spectrometer with a 1 kW wavelength dispersion. A
Bruker Co. model D8 X-ray diffraction (XRD) instrument was
used to examine the mineralogical changes (through reec-
tometry, high-resolution diffraction, in-plane grazing incidence
diffraction (IP-GID), small-angle X-ray scattering (SAXS), and
residual stress and texture analyses). A scanning electron
microscope (SEM) equipped with an energy-dispersive X-ray
(EDX) spectrometer was used to characterize the pre- and
post-adsorption morphologies of the Phragmites australis
biochar.

The microscope was a Philips XL 30 that was run under low
vacuum and 30 kV. Using a Brunner–Emmett–Teller (BET)
analyzer made by the American rm Quanta Chrome Company,
we determined the surface area, pore size, and pore volume of
the sample both before and aer adsorption. Standard volu-
metric methods involving nitrogen adsorption at 77 K were used
to take the readings. Functional groups in Phragmites australis
biochar were determined using Fourier-transformed infrared
spectroscopy on a PerkinElmer 1720-x spectrometer (FTIR). The
spectra were scanned between 4000 and 400 cm−1 with a reso-
lution of 2.00 cm−1 on potassium bromide pelletized samples
containing 1 mg of product per 100 mg of KBr.

2.8. Modeling and optimization

The experimental designs used a full-factorial design 24 to
maximize the effective independent variables on COD removal
efficiency and biogas production while minimizing the
Fig. 2 (a) Gram stained Pseudomonas sp. 1, (b) pyrolysis reactor, and (c

© 2024 The Author(s). Published by the Royal Society of Chemistry
experimental error. As the inuencing variables, two levels of
biochar dose (2 and 20 g L−1), buffalo sludge dose (0 and 5%),
pH (5.5 and 7.5), and bacteria type (Pseudomonas sp. 1 and
Streptomyces hydrogenans S11) were chosen. Minitab 18 was
used to statistically analyze the data and produce graphical
representations of the effect and interaction of the specied
independent variables.
2.9. Experimental set-up

A lab-scale experiment was performed using sixteen plastic
container digesters under static conditions, with 600mL of each
digester. At the same time, the working volume was 300 mL of
buffalo wastewater mixed with Phragmites australis biochar
immobilized with four disks of Streptomyces hydrogenans S11
with 5.5 × 106 CFU, Pseudomonas sp. 1 with 5.5 × 106 CFU, and
buffalo sludge. The immobilization of the bacteria onto the
biochar was done by simply mixing the bacterial culture with
the biochar, allowing the bacteria to adhere to the surface of the
biochar particles through physical adsorption. This can be
facilitated by incubating the biochar and bacterial suspension
together under gentle agitation. Bacteria naturally form bio-
lms on the solid surfaces (biochar). Biolms are communities
of bacteria encased in a self-produced matrix of extracellular
polymeric substances (EPS), which can adhere to the biochar
surface and provide a stable immobilization matrix.29 The
volume of produced biogas was measured by the water
displacement method, as shown in Fig. 2. A plastic pipe (biogas
pipe) connected each digester to the water chamber (made of
plastic bottles). This lets the biogas ow into the water
chamber. Another plastic hose collected the biogas in a tight-
ened balloon tted with an M-seal air seal. The gas pipe was put
in from both ends, just above the digester and the water
chamber. It was also put in from the top of the balloon collector
to the water chamber (Fig. 3). The experiments were run at room
temperature (37 °C). All studies were conducted under distinct
settings with two levels of relevant parameters, including bio-
char dose, buffalo sludge dose, pH, and bacteria types (Fig. 4).
3. Results and discussion
3.1. Wastewater characterization

Table 2 displays the most important characteristics of buffalo
wastewater (BWW). Both ref. 40 and 41 came to the same
) Streptomyces hydrogenans S11.

RSC Adv., 2024, 14, 22828–22846 | 22831
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Fig. 4 Batch experiments.

Fig. 3 Schematic diagram of the batch experiment cell.

Table 2 Physiochemical characterization of BWWa

Parameters A B C

pH 8.15 � 0.10 6.89 7.3
TSS (mg L−1) 1388 � 0.21 3100 —
TDS (mg L−1) 1060 � 0.11 — —
BOD (mg L−1) 980 � 0.15 — 1454
COD (mg L−1) 2050 � 0.20 2648 5065
TN (mg L−1) — 26.39 —
TP (mg L−1) 5.7 � 0.01 11.27 886
Alkalinity (mg L−1) 317 � 0.12 — —
Color, PCU 380 � 0.03 — —
Turbidity, NTU 45 � 0.05 — —

a (A) Suez Canal Farm BWW; (B); ref. 40 (C) ref. 41.

22832 | RSC Adv., 2024, 14, 22828–22846
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conclusion. The pH value of the sample was very high in the
alkaline range (8.15). As a result of the microorganisms' ability
to proliferate at such alkaline pH, the biological therapy of
BWW is particularly effective. According to numerous publica-
tions,1,42 BWW is high in organic matter, as measured by COD
(2050 g L−1). Because of the high organic load, biological
ltration is extremely difficult.
3.2. Phragmites australis biochar characterization

3.2.1. XRD characterization. Before and aer the adsorp-
tion of organic contaminants, the XRD patterns of Phragmites
australis biochar were recorded. As shown in the Phragmites
australis biochar pattern, the characteristic peaks exhibited
a major sharp peak at 2q = 28° that conforms to the database of
the Bruker soware PDF 01-076-3362 KCL, and the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) XRD of Phragmites australis biochar before adsorption. (b) XRD of Phragmites australis biochar after adsorption in buffalo wastewater.
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characteristic peaks exhibited a sharp peak at 2q = 30° that
conforms to the database of Bruker soware PDF 00-038-1024
(TlSbS3). For the XRD pattern of Phragmites australis biochar
© 2024 The Author(s). Published by the Royal Society of Chemistry
aer adsorption, it was observed that aer adsorption, a new
peak with the formation of TlSbS3 according to the adsorption
of impurities from water like elements Tl, Sb, and S, some new
RSC Adv., 2024, 14, 22828–22846 | 22833
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Fig. 6 (a) SEM of Phragmites australis biochar before adsorption. (b) SEM of Phragmites australis biochar after adsorption.

Table 3 The XRF chemical elemental analysis of Phragmites australis
biochar

Constituents (wt%)

Na2O (wt%) 0.0
MgO (wt%) 1.41
Al2O3 (wt%) 4.32
SiO2 (wt%) 21.40
P2O5 (wt%) 1.44
Cl (wt%) 2.81
Br (wt%) 0.00
K2O (wt%) 5.86
CaO (wt%) 1.52
Fe2O3

tot. (wt%) 0.826
SO3 (wt%) 2.19
Zn (wt%) 0.0674
Sr (wt%) 0.0123
L. O. I. (wt%) 58.10
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broad peaks were observed aer adsorption, according to the
Bruker soware PDF 00-030-0779 database (a-Li2Zr(PO4)2
(lithium zirconium phosphate)). In contrast, the intensity of the
peaks is highly changed, indicating that this does imply alter-
ation aer adsorption. XRD analysis was used to determine the
unique ngerprint of the crystalline solids in the adsorbent,
which was predominantly crystalline cellulose. The molecular
structure of biomass determines the degree of crystallinity and
varies mostly according to the proportions of lignin, cellulose,
and hemicellulose present in each plant. The generated adsor-
bent has a high degree of crystallinity and very small peaks in
the region below 20°, indicating that it is an amorphous species.
The obtained samples exhibited characteristic peaks of cellu-
lose at about 15°, 16°, 22°, and 34° because the cellulose is
embedded in the cellulosic matrix by amorphous non-cellulosic
components due to the elimination of amorphous lignin and
hemicellulose through delignication; hydronium ions can
penetrate the more accessible amorphous regions of cellulose
and allow the hydrolytic cleavage of glycosidic bonds, which
eventually releases individual crystallites. The increase in the
crystallite sizes for the Phragmites australis biochar might be
Fig. 7 (a) EDX of Phragmites australis biochar before adsorption in buffalo
buffalo wastewater.

22834 | RSC Adv., 2024, 14, 22828–22846
associated with a reduction in the corresponding amorphous
region (Fig. 5).

3.2.2. Scanning electron microscopy (SEM) & EDX analysis.
SEM is the most dependable and convenient device for studying
wastewater. (b) EDX of Phragmites australis biochar after adsorption in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the physical structure of the modied resin treated with water
samples. Fig. 6a and b shows a SEM image of Phragmites aus-
tralis biochar before and aer adsorption of organic impurities,
revealing the biochar's altered surface and physical formations.
As shown in Fig. 6a, before adsorption, the surface of the
Phragmites australis biochar is formed smoothly by several
holes. Surfaces are irregular and agglomerate particles with
larger interstitial holes, as seen in SEM images, indicating that
pores have been lled aer the adsorption of impurities
(Fig. 6b).

The EDX result of Phragmites australis biochar before
adsorption (Fig. 7a) shows that it contains C, O & Cl wt% of
75.61, 18.31, and 2.9, respectively. Aer adsorption is shown in
Fig. 7b for buffalo wastewater, C 55.2 was reduced, O 21.1
Fig. 8 FTIR diagram. (a) FTIR spectrum of Phragmites australis biochar be
australis biochar after adsorption in buffalo wastewater.

© 2024 The Author(s). Published by the Royal Society of Chemistry
increased, and N, Al, Si, P, K, and Ca were found. The nitrogen
and oxygen were reduced, and Al, Si, phosphorous, calcium, K,
S, and Cl were found as a component in water that was used for
treatment.

3.2.3. XRF. The XRF analysis of Phragmites australis biochar
aer adsorption is given in Table 3. The results in the table
show that the major constituents are Al2O3, SiO2, and K2O
found in trace amounts and are responsible for organic matter
adsorption, particularly organic load (COD).

3.2.4. FTIR spectroscopy. Analyzing and identifying the key
functional groups present in the structure of Phragmites aus-
tralis biochar was accomplished through FTIR analysis (Fig. 8).
Some impurities appeared in the gure, so we focused on the
important groups. The vibrations in the O–H groups were
fore adsorption in buffalo wastewater. (b) FTIR spectrum of Phragmites

RSC Adv., 2024, 14, 22828–22846 | 22835
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characterized by the band at 3415 cm−1 aer absorption, and
the band at 2673 cm−1 in the spectrum indicated that the thiol
R-S-H stretching formed leads to the good adsorption of sulfur
elements. The degradation of Phragmites australis biochar
composite is likely to be blamed for a new peak at 871 cm−1

aer adsorption, corresponding to angular distortion outside
the C–H plane. It was observed that the adsorbent caused
a band shi in the sample from 1618 cm−1 to 1393 cm−1. They
are linked to the structure's C]O and C–O bonds and the
carboxylate group's other interactions. The 744 cm−1 peak
represents the angular deformation of C]C, while the
1107 cm−1 peak represents the axial deformation of C–O. The
adsorption process is driven by interactions between the
phenolic O–H bonds and the unsaturated aliphatic structures,
both functional groups.

Similar bands between 1393 and 1107 cm−1 (C–O) were
found in the study employing peanut shell adsorbent. The study
also discovered intense bands at 1107 cm−1 (due to the elon-
gation of phenolic compounds) and thin bands in the
1393 cm−1 range. Carboxylate groups, if present, could increase
the efficiency with which various contaminants are adsorbed, as
indicated by the FTIR spectrum. The bands at 3415 cm−1

represent vibrations in cellulose's O–H groups. The absorption
Fig. 9 (a) Langmuir plot after adsorption. (b) BJH-plot after adsorption.

Table 4 The physical structure of Phragmites australis biochar before a

Surface area SBET, m
2 g−1

Before adsorption 3.22
Aer adsorption 2.1153

22836 | RSC Adv., 2024, 14, 22828–22846
bands in the spectra at 2920 cm−1 were used to identify meth-
ylcellulose as these bands are characteristic of the (C–H) and (C–
H), highly electronegative in the ortho position, both of which
are present in the raw material. A new peak at 875 cm−1 was
discovered following carbonization, corresponding to angular
distortion outside the plane of C–H, most likely due to cellulose
degradation. In the adsorbent, the band shi was measured to
be from 1618 to 1417 cm−1. Their interactions with the carboxyl
group and lignin's C]O and C–O bonds are related.

3.2.5. The Brunauer–Emmett–Teller (BET) analyzer. The
surface area of solid or porous materials was measured using
the Brunauer–Emmett–Teller (BET) analyzer. The area of
a material's adsorbent surface affects how that solid interacts
with its surroundings; thus, knowing how big that surface is can
tell us a lot about the material's physical structure. The nitrogen
adsorption–desorption analyzer determines the examined
adsorbent's specic surface area and pore size. The nitrogen
adsorption–desorption isotherm curves of the investigated
materials are depicted in Fig. 9. The isotherms noticeably shi
aer the adsorption of Phragmites australis biochar with ions.
From the data in Table 4, Phragmites australis biochar has an
SBET of 3.22 m2 g−1, pore volume of 211.58 cc g−1, and a pore
size of 28.55 nm.
(c) N2 adsorption/desorption isotherm of Phragmites australis biochar.

nd after adsorption

Pore volume, cc g−1 Pore size, nm

211.58 28.55
198.81 25.62

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Experimental results from a four-coded factors design

Run

Real values Coded value
Response
(%)

Biochar dose
(A)

Buffalo sludge dose
(B) pH (C)

Type of bacteria
(D) A B C D COD

1 2 0 7.5 Pseudomonas — + + + 79.46%
2 2 0 5.5 Streptomyces + — — — 88.65%
3 2 5 5.5 Streptomyces — — — — 81.35%
4 2 0 7.5 Streptomyces — — + — 90.81%
5 2 5 5.5 Pseudomonas + + — + 42.97%
6 2 0 5.5 Pseudomonas + + — — 37.84%
7 20 0 7.5 Streptomyces + — + + 92.70%
8 2 5 7.5 Streptomyces — — — + 87.03%
9 20 5 5.5 Streptomyces + + + — 45.68%
10 20 5 7.5 Streptomyces + + + + 42.97%
11 20 0 5.5 Streptomyces + — + — 45.95%
12 20 0 7.5 Pseudomonas — — + + 35.00%
13 20 5 5.5 Pseudomonas + — — + 22.97%
14 2 5 7.5 Pseudomonas — + + — 40.27%
15 20 0 5.5 Pseudomonas — + — + 26.22%
16 20 5 7.5 Pseudomonas — + — — 27.00%
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On the contrary, aer ions adsorption, the surface area
(2.1153 m2 g−1), pore volume (198.81 cc g−1), and pore size
(25.62 nm), the results are decreased because of pore-blocking
with phosphate ions. The results showed that the Phragmites
australis powerfully absorb phosphate ions and metals. Bio-
char's negatively charged surface promotes the adsorption of
positively charged molecules, making it useful in water and
wastewater purication.
3.3. Optimization of organic matter biodegradation

In this study, 16 separate experiments were conducted, each
involving two levels of four different variables: Biochar dose “A”
(2 and 20 g L−1), buffalo sludge dose “B” (0 and 5%), pH “C” (5.5
and 7.5), and type of bacteria “D” (Pseudomonas sp. 1 and
Streptomyces sp.). Table 5 displays the average COD removal
efficiency for the real and coded factors design.

3.3.1. ANOVA. Analysis of variance data (ANOVA) is shown
in Table 6. With an F value of 16.03 and a p-value less than
0.05(0.001), along with signicant linearity (p-value # 0.00001),
the model was found to be statistically signicant. They pointed
Table 6 ANOVA for COD removal ratio

Source DF Seq SS Contribut

Model 5 0.90326 88.91%
Linear 4 0.84682 83.35%
Biochar dose 1 0.27534 27.10%
Buffalo sludge dose 1 0.07073 6.96%
pH 1 0.06711 6.61%
Type of bacteria 1 0.43364 42.68%
2-way interactions 1 0.05644 5.56%
Buffalo sludge dose *pH 1 0.05644 5.56%
Error 10 0.11270 11.09%
Total 15 1.01595 100.00%

© 2024 The Author(s). Published by the Royal Society of Chemistry
to a high level of model agreement with the experimental results
(88.91%). The residuals normal probability plot (Fig. 10) later
conrmed this, demonstrating that all points were aligned, as
expected from a normal distribution. This nding is consistent
with that of ref. 43 and 44. According to the results presented in
Table 6, all of the obtained parameters contributed signicantly
to the model (p-values < 0.05). The type of bacteria was the most
signicant factor in removing organic matter compounds (p-
value 0.00001). The performance of microbial consortia, rather
than individual species, oen determines the success of UASB
systems. However, our results indicated that the specic impact
of Streptomyces hydrogenans on UASB performance was signi-
cantly higher than that of Pseudomonas sp. Streptomyces species
are lamentous bacteria, while Pseudomonas spp. are unicel-
lular. The lamentous nature may contribute to forming stable
biolms in the UASB reactor, aiding in biomass retention and
improving the UASB treatment efficiency.45 Streptomyces spp.
are also well known to produce a variety of extracellular
enzymes,46 which can play a role in the breakdown of organic
matter inside the UASB. The other signicant factors that
inuenced the UASB performance were the amount of biochar
ion Adj S.S. Adj MS F-value P-value

0.90326 0.18065 16.03 0.000
0.84682 0.21170 18.79 0.000
0.27534 0.27534 24.43 0.001
0.07073 0.07073 6.28 0.031
0.06711 0.06711 5.95 0.035
0.43364 0.43364 38.48 0.00001
0.05644 0.05644 5.01 0.049
0.05644 0.05644 5.01 0.049
0.11270 0.01127

RSC Adv., 2024, 14, 22828–22846 | 22837

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02864c


Fig. 10 Normal probability plot for COD removal.
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used (p-value # 0.001), amount of inoculum used (p-value #

0.031), and the pH value (p-value # 0.035).
In addition, the Pareto chart provides a visual representation

of these ndings (Fig. 11). The Pareto chart revealed that the
parameters D, A, B, C, and B. C are signicant because they have
an absolute value that is greater than 1.812; this can be observed
(dashed line). Similar ndings have been reported by ref. 47.
The ndings are comparable with ref. 47. Everything in the
model works as it should (R2 is higher than 85.0%).

In eqn (1), the obtained mathematical model portrayed the
COD removal as a function of these parameters and their
associated coefficients.

COD (%) = −0.026 − 0.01458A − 0.1278B + 0.1242C +

0.00001646D − 0.0238B × C (1)
Fig. 11 COD removal Pareto chart.

22838 | RSC Adv., 2024, 14, 22828–22846
where A is the biochar dose (20 g L−1), B is the buffalo sludge
dose (0%), C is the pH value (7.5), and D is Streptomyces sp. (5.5
× 106 CFU).

Streptomyces sp. tend to grow better at a slightly alkaline pH
(about 7.5) compared to an acidic pH (about 5.5) due to factors
such as optimal enzyme activity, pH stability, improved nutrient
availability, reduced competition with other microorganisms
and minimized stress on cell membranes.48 However, it is
crucial to consider the unique pH preferences of different
Streptomyces sp. species and strains when applying this
knowledge to large-scale applications in the future as these
preferences can vary signicantly.

3.3.2. Plots with interaction. The interaction plot and main
effects of COD parameters are shown in Fig. 12a and b, and it
depicts the interaction between the various parameters inves-
tigated. According to the ndings, there was only a signicant
interaction between B and C. When the response to variable
changes from low to high levels depending on the level of
a second variable, we have an effective interaction. The greater
the number of lines that are not parallel to one another, the
stronger the interaction.49 The mean COD. R.R. increased from
50 to 79%, with an increase in the pH value from 5.5 to 7.5 at
a buffalo sludge feed of 0%. High removal occurred when the
buffalo sludge was equal to zero. Therefore, the buffalo sludge
has a signicant effect on the COD.

Meanwhile, the mean COD RR makes no difference because
it is a horizontal line at 50% with an increase in the pH value
from 5.5 to 7.5 at 5% buffalo sludge feed. Still, the difference in
the buffalo sludge dose affects the removal of the chemical
oxygen demand, as illustrated in Fig. 12a and b. The present
results of this study are supported by the results obtained by ref.
50; the use of livestock manure in anaerobic digestion led to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) The main effects plot for different parameters of COD RR. (b) Interaction plot for different parameters of COD RR.

Fig. 13 Desirability functions for the optimization of COD removal.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 22828–22846 | 22839
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Table 7 ANOVA for biogas production

Source DF Seq SS Contribution Adj S.S. Adj MS F-Value P-Value

Model 10 41.8750 96.40% 41.8750 4.1875 13.40 0.005
Linear 4 39.9375 91.94% 39.9375 9.9844 31.95 0.001
BC dose 1 0.2500 0.58% 0.2500 0.2500 0.80 0.412
Buffalo sludge dose 1 0.5625 1.29% 0.5625 0.5625 1.80 0.237
pH 1 0.0625 0.14% 0.0625 0.0625 0.20 0.673
Type of bact. 1 39.0625 89.93% 39.0625 39.0625 125.00 0.00001
2-way interactions 6 1.9375 4.46% 1.9375 0.3229 1.03 0.496
BC dose × buffalo sludge dose 1 0.2500 0.58% 0.2500 0.2500 0.80 0.412
BC dose × pH 1 0.2500 0.58% 0.2500 0.2500 0.80 0.412
BC dose × type of bact. 1 0.2500 0.58% 0.2500 0.2500 0.80 0.412
Buffalo sludge dose × pH 1 0.5625 1.29% 0.5625 0.5625 1.80 0.237
Buffalo sludge dose × type of bact. 1 0.5625 1.29% 0.5625 0.5625 1.80 0.237
pH × type of bact. 1 0.0625 0.14% 0.0625 0.0625 0.20 0.673
Error 5 1.5625 3.60% 1.5625 0.3125
Total 15 43.4375 100.00%
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a decrease in the percentage of chemical oxygen demand up to
38%.

3.3.3. COD removal optimization. Maximum COD removal
(92.702%) for BWW was achieved at an optimal combination of
the biochar dose (20 g L−1), buffalo sludge dose (0%), pH (7.5),
and type of bacteria (Streptomyces hydrogenans S11), as shown in
the method of desirability function (Fig. 13). Similar results
were also reported in ref. 51.
Fig. 14 The biogas production Pareto chart at a significance level of 0.2

22840 | RSC Adv., 2024, 14, 22828–22846
3.4. Optimization of biogas production

3.4.1. ANOVA. Analysis of variance revealed the factors that
signicantly impacted biogas production (Table 7). The model's
main factors and two-way interactions are insignicant (p >
0.05), indicating that all factors have a negligible effect on
biogas production. However, parameters related to the type of
bacteria profoundly impacted biogas production (p # 0.00001).
5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The Pareto chart provides another visual representation of this
result (Fig. 14). The Pareto chart demonstrates that the
parameters D, B, and BC are noteworthy because their absolute
values are more than 1.21 (dashed line). The full model agrees
with the data (R2 is higher than 90.0%). The resulting mathe-
matical model for volumetric biogas is shown in eqn (2).2

Biogas production was modelled mathematically as a func-
tion of several parameters and their associated coefficients, as
shown in eqn (2).
Fig. 15 (a) The main effects plot for biogas volume. (b) Interaction plot

© 2024 The Author(s). Published by the Royal Society of Chemistry
Biogas vol. = 2.62 − 0.090A + 0.501B + 0.097C + 2.309D +

0.00556A × B + 0.0139A × C − 0.0139A × D − 0.0750B × C −
0.0750B × D − 0.062C × D (2)

3.4.2. Interaction plots. In Fig. 15a and b, the interaction
plot depicts the main effects and interaction between the
studied parameters. The results of the interaction plot for
biogas volume have a signicant effect. When the response
shis from low to high levels of one component based on the
for different parameters of biogas production.

RSC Adv., 2024, 14, 22828–22846 | 22841
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level of another factor, we say that the two factors are interacting
effectively. This interaction effect indicated that the relation-
ship between the parameters and biogas production depends
on the level of each parameter.

3.4.2.1. Interaction between biochar dose and buffalo sludge
dose. Themean biogas volumemakes no difference because it is
a horizontal line at 3.33 mL with 0% buffalo sludge feed at
a biochar dose ranging from 2 to 20 g L−1. The biogas volume
increased from 3.33 to 4.13 mL with a buffalo sludge feed of 5%
at a biochar dose of 20 g L−1. This can be attributed to the
increase in the surface area due to increased biochar dose and
buffalo sludge feed. This allowed anaerobic degradation to
increase the organic matter and increase biogas volume
production.

3.4.2.2. Interaction between biochar dose and pH. The mean
biogas volume makes no difference because it is a horizontal
line at 3.33mL with a biochar dose increase from 2 to 20 g L−1 at
pH 5.5. Meanwhile, the biogas volume increased from 3.33 to
3.50 mL with a biochar dose increase from 2 to 20 g L−1 at pH
7.5. It was a nearly constant value with no change with biochar
increase. It can be interpreted that the indigenous bacteria
survive at the normal pH of the wastewater source.

3.4.2.3. Interaction between biochar dose and type of bacteria.
The mean biogas volume for Pseudomonas was 1.75 mL and
2.00 mL at Phragmites australis biochar doses of 2 g L−1 and 20 g
L−1, respectively. It was a nearly constant value with no change
Fig. 16 Desirability functions for the optimization of biogas production

22842 | RSC Adv., 2024, 14, 22828–22846
with the increase in biochar dose. Meanwhile, the mean biogas
volume of Streptomyces makes no difference because it is
a horizontal line at 5.0 mL with a biochar dose increase from 2
to 20 g L−1. The biochar immobilized with the oxidizing
bacterium (Streptomyces violarus strain SBP1) effectively
removed the chemical oxygen demand (COD), which was
attributed to the synergistic effects of biochar adsorption and
biodegradation activities of the immobilized Streptomyces.

Streptomyces hydrogenans immobilization on nano-reed bio-
char improves the adsorption and biodegradation processes via
a number of methods. The biochar's high porosity and surface
area make it the perfect substrate for microbial colonization,
which increases the biomass and activity. By shielding bacteria
from external stimuli and concentrating the enzymatic activity,
this structure promotes the creation of biolms, improving the
stability of biodegradation and effectiveness.20 By means of
adsorption processes like hydrogen bonding and electrostatic
attractions, functional groups on the surface of the biochar,
such as hydroxyl, carboxyl, and phenolic groups, engage with
contaminants and position them close to the bacteria for
improved breakdown.29 Streptomyces hydrogenans produces
extracellular enzymes that further break down complex chem-
icals, increasing the system's efficiency in removing
pollutants.23,52

The maximum daily gas yield for the Phragmites australis
biochar group was 9.15 ± 0.32 mL g−1 TS1, suggesting a 13.58%
and COD RR.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 The schematic diagram for the proposed Phragmites australis biochar and anion interactions.
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increase in the total gas production over the control group. The
cumulative gas production of the group using Phragmites aus-
tralis biochar increased by 13.58% on average.53

3.4.2.4. Interaction between buffalo sludge dose and pH. The
mean biogas volume increased from 3.00 to 4.13 mL with an
increase in the buffalo sludge feed from 0 to 5% at pH 5.5.
Meanwhile, the mean biogas volume makes no difference
because it is a horizontal line at 4.13 mL with increased buffalo
sludge feed from 0 to 5% at pH 7.5. It can be interpreted that the
indigenous bacteria survive at the normal pH of the wastewater
source.

3.4.2.5. Interaction between buffalo sludge dose and type of
bacteria. Themean biogas volume increased from 1.75 to 5.0mL
with 0% buffalo sludge feed and the type of bacteria ranging
from Pseudomonas to Streptomyces, respectively. Meanwhile, the
mean biogas volume increased from 2.70 to 5.0 mL with 5%
buffalo sludge feed and the type of bacteria ranging from
Pseudomonas to Streptomyces, respectively. Both Pseudomonas
and Streptomyces bacteria contribute to biogas production, with
Streptomyces showing a higher volume than Pseudomonas. The
differences in biogas production are attributed to the microbial
activities associated with the bacteria used and buffalo sludge,
which likely provides additional organic material for anaerobic
digestion, leading to increased biogas production. The present
investigation results are supported by the results stated in ref.
54. It investigated the impact of adding Pseudomonas bacteria
on biogas production from animal dung at an ambient
temperature. Pseudomonas cells increased the methane
production from 24.90 to 44.33%. Pseudomonas also helps in
methane formation by forming biosurfactants that help better
degrade fatty molecules in the anaerobic digester.

3.4.2.6. Interaction between pH and type of bacteria. The
mean biogas volume increased from 1.75 to 5.0 mL with a 5.5
pH value and the types of bacteria ranging from Pseudomonas to
Streptomyces, respectively. Meanwhile, the mean biogas volume
© 2024 The Author(s). Published by the Royal Society of Chemistry
increased from 1.80 to 5.0 mL with a 7.5 pH value at types of
bacteria ranging from Pseudomonas to Streptomyces. This
suggests that Streptomyces exhibit a pH-dependent response,
with higher biogas production observed at a higher pH of 7.5. It
can be interpreted that the indigenous bacteria survive at the
normal pH of the wastewater source.

3.4.3. Desirability function. The optimization plot deter-
mines the optimal settings for the predictors given the specied
parameters and the responses' maximum value (COD removal
ratio, biogas production volume). As seen in Fig. 16, biochar
dose (20 g L−1), buffalo sludge dose (0%), pH (7.5), and type of
bacteria (Streptomyces hydrogenans S11) were associated with
the maximum removal of COD (92.70%) and biogas production
(5.0 mL). Methanogenesis produces methane with H2, CO2, and
a small amount of other gases in the end product.55 Generally,
methane (55–75%), carbon dioxide (30–45%), hydrogen (1–
10%), hydrogen sulde (1–2%), nitrogen (1–2%), and oxygen
(<1%) are potential components of biogas produced at the end
of methanogenesis.55,56

The biogas produced was tested for its methane content aer
the end of the batch operation. The total amount of biogas
produced and the percentage of methane in the biogas are
5.0 mL and 50% CH4, respectively.
4. Conclusion

The focus of this study was to use the experimental design
methodology to model the biodegradation of organic matter
and the production of biogas from anaerobic digestion by the
statistical analysis of data gathered regarding the impact of
biochar dose, buffalo sludge dose, pH, and bacterial type. Both
organic matter degradation and biogas productivity were
statistically signicant regarding the bacterial type. Optimized
biochar dose, buffalo sludge dose, pH value, and type of
bacteria were equal to 20 g L−1, 0%, 7.5, and Streptomyces
RSC Adv., 2024, 14, 22828–22846 | 22843
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hydrogenans S11, respectively. Under these test conditions,
92.7% was the most organic matter removed (COD removal%).
The highest biogas yield (5.0 mL) was achieved with a biochar
dose of 20 g L−1, a buffalo sludge dose of 0%, a pH of 7.5, and
Streptomyces hydrogenans S11 as the predominant bacterial
species. Buffalo wastewater (BWW) anaerobic digestion experi-
mental model was best tted to the data under the optimal
conditions. BET analysis documented the nano range of
Phragmites australis. The ndings will be used widely in the
development of continuous UASB reactors. XRD analysis
recorded the high phosphate adsorption capacity of Phragmites
australis, which needs further investigation. The diagrammatic
representation of four processes were hypothesized to be
signicant in Phragmites australis biochar's acid neutralization
and metal removal capacities. Direct binding to oxygen-
containing functional groups and silicates, as well as cation
exchange and the formation of metal oxides, are likely to play
important roles in the removal of dissolved metals (Fig. 17: The
authors have modied the gure documented in ref. 57
according to this study's ndings). An increase in the pH
appears to occur primarily through the dissolution of solid
carbonate.
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