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ABSTRACT

In this study, a new reactor concept was designed for combining the advantages of anaerobic baffled reactors
and biofilm reactors for treating dairy wastewater. The magneto-active microporous packing media manufac-
tured by extrusion technology and modified by the addition of relevant amounts of metal catalysts and magnetic
activation were used. The effects of active packing media placing in the different functional areas (hydrolysis or
methanogenic) on the reactor performance (organic matter and nutrients removal, biogas production) were stud-
ied. The highest biogas production of 337 L/d and biogas yield of 415 mL/g COD__ were achieved when the
packing media with magnetic properties were placed in the methanogenic tanks. A stimulatory effect of placing
the active packing media in methanogenic tanks on the organic matter removal (86% as COD) and suspended
solids elimination from wastewater were noted; however, the magnetic properties did not contribute towards
higher organic matter and nutrients removal. Incorporation of metals into the plastic packing media enhanced
the phosphorus removal (85-87%).

Keywords: biofilm reactor; compartmentalized reactor design, dairy sewage; magneto-active support medium;

biogas; phosphorus removal

INTRODUCTION

Anaerobic digestion (AD) has been success-
fully applied in full-scale for the treatment of
dairy wastewater (Tiwary et al., 2015). Several
bioreactors types have been used; however, the
biofilm-based reactors are the most common re-
actors employed (Rajagopal et al., 2013). Anaero-
bic dairy wastewater treatment in biofilm reactors
has been conducted by using inert carriers such
as seashells, plastic materials, ceramic, natural
stones, gravel, pumice, sintered glass (Karadag
et al. 2015). However, the use of packing me-
dia that enhance the sorption, precipitation and
the binding of biogenic compounds constitute
an alternative to the currently used support ma-
terials. Hawkes et al. (1995) used sand and ac-
tivated carbon as support media for ice-cream
wastewater treatment, and activated carbon ex-

hibited better performance than sand. Other au-
thors showed that the corrosion of metal elements
used as the packing media in an anaerobic reac-
tor enhanced Chemical Oxygen Demand (COD)
and phosphorus removal from dairy wastewater
(Jedrzejewska-Cicinska, Krzemieniewski, 2010).
As a constant magnetic field enhanced the effi-
ciency of dairy wastewater treatment (Zielinski et
al. 2014), the magneto-active packing media pre-
pared by coating plastic media with iron and cop-
per powder for dairy wastewater treatment were
investigated as well (Debowski et al. 2014). The
authors obtained significantly improved COD re-
moval efficiency, biogas production and methane
content in biogas.

The biochemical processes in anaerobic bio-
reactors are accomplished by the cooperation of
four different groups of microorganisms: fermen-
tative, syntrophic, acetogenic, and methanogenic
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bacteria (Venkiteshwaran et al. 2015). The mu-
tualistic behavior of various anaerobic microor-
ganisms results in the decomposition of complex
organic substances into simple, chemically sta-
bilized compounds, mainly methane and CO2.
However, each microbial group has different
optimal environmental conditions and kinetics
(Karadag et al. 2015). In order to provide the op-
timum conditions for satisfying the requirements
of each group of anaerobic microorganisms, a
reactor chamber could be divided into compart-
ments (Gulhane et al. 2017). Anaerobic Baffled
Reactors (ABRs) consist of alternating hanging
and standing baffles, which compartmentalizes
the reactor resulting in partial separation of acido-
genesis and methanogenesis (Plumb et al. 2001).
It has been shown that the compartmentalized
design of anaerobic reactor provided a higher re-
silience to the hydraulic and organic shock loads,
higher treatment rate, longer biomass retention
times, and lower sludge yields than other anaero-
bic treatment systems (Reynaud, Buckley 2016).
Combining the advantages of ABF and bio-
film reactors, an anaerobic reactor with a vertical
labyrinth wastewater flow filled with the magne-
to-active packing media has been designed. This
work aims to study the treatability of dairy waste-
water in a new model of reactor and the effects of
the active packing media placing in the different
functional reactors areas (hydrolysis or methano-
genic tank) on the reactor performance (organic
matter and nutrients removal, biogas production).

MATERIALS AND METHODS

Wastewater

Dairy wastewater was prepared by dissolving
20 g milk powder manufactured by Dairy Plant
in Ostrowia Mazowiecka (Poland) per litre of
distilled water to achieve the COD concentration
of 20,000 mg COD/L. The composition of dairy
wastewater with a high content of COD was deter-
mined according to literature data, where the COD
values were varying from 0.1 to 100 g/L (Slavov
2017). The dairy wastewater characteristics were
as follows: total nitrogen (TN) 620+29.2 mg/L,
ammonia nitrogen (AN) 3345.7 mg/L, total phos-
phorus (TP) 109+9.2 mg/L, total suspended sol-
ids (TSS) 26+3.6 mg/L.
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Biofilm support active media preparation

The active packing media (APM) used in the
experiment were manufactured by microporous
extrusion of granulated transparent and plasti-
cised polyvinyl chloride (PVC). PVC, commer-
cially available as Alfavinyl GFM/4-31-TR, was
manufactured by Alfa Sp. z o.0. (Poland). Major
parameters of the PVC used in the experiment
are as follows: density — 1230 kg/m’, Young’s
modulus — 2600 MPa, tensile strength — 21 MPa,
elongation at break — 300%, shore A-hardness —
80 °Sh. While manufacturing the packing media,
PVC was modified by the introduction of 0.8% wt
granulated blowing agent Hydrocerol 530 (Clari-
ant Masterbatch). Additionally, the PVC was
blended with chemically pure copper and iron
powder (Cometox). Each time, 5.0% wt. of metal
additives was introduced to PVC used for the pro-
duction of packing elements. The copper to iron
weight ratio was 1, :9, and was set following the
previous studies carried out by the authors (data
not published). The characteristics of the manu-
factured APM were as follows: density — 810+0.6
kg/m?, shore A-hardness — 24.8+0.4°Sh, tensile
strength — 140.5+2.2 N, porosity — 39.13+0.4%.

The magnetic properties of the magneto-ac-
tive packing media (M-APM) were achieved by
the introduction of magnets to 40% of plastic ele-
ments placed inside the reactor. The characteris-
tics of the neodymium magnets used in the ex-
periments are as follows: diameter — 10+0.1 mm,
height — 5+0.1 mm, magnetic flux ~3952-107
mWb, magnetic moment ~450.528-10° mWb-m,
magnetic field in geometrical center of surface
of the magnetic pole with a distance of 0.7 mm
~0.368 T, magnetic field next to the edge of sur-
face of the magnetic pole (max.) with a distance
of 0.7 mm ~0.384 T, pull force — 0.85 kg.

Experimental research installation setup and
operation

A 100 L anaerobic reactor with a vertical
labyrinth wastewater flow was used in the experi-
ments. The reactor comprised three cylindrical
stainless steel containers; that vertical channels
and weirs pushed the wastewater through a series
of chambers. The influent was pumped to the bot-
tom part of the internal chamber serving as the
hydrolysis tank with a working volume of 20 L.
The internal recirculation with the yield of 20 L/h
inside the hydrolysis tank ensured a complete
mixing and circulation of the anaerobic sludge



Journal of Ecological Engineering Vol. 19(5), 2018

and wastewater. The outer chambers served as
methanogenic tanks with an active volume of
70 L and downward wastewater flow in the cen-
tral tank and 10 L and upward flow in the exter-
nal. Additionally, the external tank served as the
clarification chamber. The temperature in reactor
was maintained at 35°C, the hydraulic retention
time (HRT) was 2 days, while the organic loading
rate (OLR) was maintained at the level of 10 g
COD/L-d. The reactor was initially inoculated at
a ratio of 40% (by volume). The inoculum origi-
nated from the closed fermentation tanks of a lo-
cal municipal wastewater treatment plant. The
concentration of volatile solids (VS) seeded into
the reactor was 62.7% total solids (TS).

The experiment was divided into two stages,
in which the packing media were placed in the
hydrolysis tank (H) or the methanogenic tanks
(M). The entire volume of the tanks was filled
with the active packing media. In both cases, the
experiments were conducted in the two parallel
series with the APM (H1 and M1) and with M-
APM (H2 and M2), (Fig. 1).

Analytical methods

The chemical oxygen demand (COD), total
nitrogen (TN) and total phosphorus (TP) in dairy
wastewater and effluent were analysed once every
24 h using a DR 5000 spectrophotometer (Hach
Lange). The content of total solids (TS) and vola-
tile solids (VS) in anaerobic sludge, dairy waste-
water and effluent were determined according to
the gravimetric method.

The biogas flow rate was measured continu-
ously using a XFMI17S digital gas flow meter
(Aalborg Instruments & Controls, Inc., USA). The
quality of biogas was analysed using a GMF 430

meter (GasData, England) and a gas chromato-
graph (GC, 7890A Agilent, USA) equipped with a
thermal conductivity detector (TCD). The GC was
fitted with the two Hayesep Q columns (80/100
mesh), two molecular sieve columns (60/80 mesh)
and Porapak Q column (80/100) operating at a
temperature of 70°C. The temperatures of the in-
jection and detector ports were 150°C and 250°C,
respectively. Helium and argon were used as the
carrier gases at a flow of 15 mL/min.

The statistical analysis of results was car-
ried out using the STATISTICA 10.0 PL software
package. The hypothesis on the distribution of
each analysed variable was verified using the W
Shapiro—Wilk test. One-way analysis of variance
(ANOVA) was used to determine the significance
of differences between variables. The homogene-
ity of variance in the groups was analysed using
Levene’s test. The RIR Tukey test was used to
determine the significance of differences between
the analysed variables. The statistical significance
was adopted at p = 0.05.

RESULTS

Organic matter and nutrients removal

The study showed that the packing media
placement had a significant effect (p<0.05) on the
COD removal efficiency from the dairy waste-
water (Fig. 2, Fig. 3). When the active packing
media were placed in the methanogenic tanks,
the COD removal was over 84%, while the ef-
fects obtained with the active media placed in
the hydrolysis tank did not exceed 79% (Fig. 2).
A similar trend was noted for COD load removal
(Fig. 3). The difference between H1/M1 and H2/

Stage 1

Stage 2

Series 1 — H1

Series 2 — H2

Series 1 — M1 Series 2 — M2

Fig. 1. The study organization: Hl — APM placed in the hydrolysis tank, H2 — M-APM placed in the hydrolysis
tank, M1 — APM placed in the methanogenesis tanks, M2 — M-APM placed in the methanogenesis tanks
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Fig. 2. The effects of active packing media placement
and magnetic properties on the COD removal

% COD

M2 was 60 g/d and 72 g/d, respectively (p<0.05).
The type of the applied medium had no effects on
the COD removal (p>0.05). The use of M-APM
in the hydrolysis tank (H2) allowed to remove 791
g COD/d from dairy wastewater, which was only
16 g COD/d higher than using the APM (H1),
(Fig. 3). Similarly, using M-APM in the methano-
genic tank (M2) allowed to remove 863 g COD/d,
which was 28 g/d more than in M1 (p>0.05).
Neither the type of the active media, nor the
placement of the media in anaerobic digester had
a significant effect (p>0.05) on the TN removal.
During the study, the TN removal ranged from
22% in H1 to 26% in M2 (Fig. 4). Both active
media (APM and M-APM) contributed to a high
TP removal ranging from 85% to 87% in all se-
ries (Fig. 5). However, there were no differences
(p>0.05) in the series with different placement
of the media in the reactor chamber (M and H).
A slightly higher (2 — 3%, p>0.05) TP removal
was noted in H2 and M2 series using M-APM.
The placement of the active media in methano-
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Fig. 4. The effects of active packing media placement
and magnetic properties on the TN removal

% TN
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Fig. 3. The effects of active packing media placement
and magnetic properties on the COD loading removal

g cob/d

genic tanks affected the concentration of suspend-
ed solids in the effluent, which was significantly
lower in M1 and M2 series (p<0.05), (Fig. 6). The
magnetic properties of M-APM in H-series did
not affect (p>0.05) the reduction of the suspended
solids in the effluent; however, in the M-series,
the differences were significant (p<0.05), (Fig. 6).

Biogas and methane production

The magnetic properties of the active packing
media contributed towards higher biogas produc-
tion and biogas yield, both in the H-series and
M-series (Fig. 7, Fig. 8). In the M-series, the in-
crease in daily biogas production was about 10%,
while in H-series it was 8% (p<0.05). Moreover,
the placement of the active packing media in
methanogenic tanks contributed towards a bet-
ter biogas production and biogas yield (p<0.05),
(Fig. 7, Fig. 8). The highest biogas production of
337 L/d and yield of 415 mL/g COD__ . were
achieved in M2. Neither magnetic properties of
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Fig. 5. The effects of active packing media placement
and magnetic properties on the TP removal

% TP
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Fig. 6. The effects of active packing media place-
ment and magnetic properties on the suspended solids
removal

mg/L

the active media nor their placement did affect-
ed the methane content in the biogas (p>0.05),
(Fig. 9). The methane concentration was similar
in H-series and M-series, and ranged from 66%
to 67% during the study (Fig. 9).

DISCUSSION

A new reactor concept was designed for com-
bining the advantages of ABR and biofilm reac-
tors. Our study results confirmed that the use of
the active media in a combined anaerobic baffled
and biofilm reactor enhanced the organic matter
and phosphorus removal from dairy wastewater,
reduced the the suspended solids concentration in
the effluent and increased the methane production.

In biofilm reactors, the support materials are
responsible for the microbial biomass and sus-
pended solids retention within reactors. The mi-
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Fig. 8. The effects of active packing media placement
and magnetic properties on the biogas yield
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Fig. 7. The effects of active packing media place-
ment and magnetic properties on the daily biogas
production

crobial cells concentrations in biofilm reactors
can achieve 74 g/L by adhering and absorbing
of cells to the support material (Qureshi et al.
2005). High biomass concentration contributed to
the high treatment performance. In our study, the
COD removal efficiency ranged from 77% to 86%
at OLR of 10 kg COD/m?*-d, and the highest COD
removal was achieved when the packing media
were placed in methanogenic tanks. During the
treatment of dairy wastewater, Rajinikanth et al.
(2009) obtained 80% COD removal efficiency at
OLR of 17 kg COD/m?-d in an up-flow anaerobic
filter. Kundu et al. (2013) operated an anaerobic
fluidized bed reactor for the treatment of simulat-
ed milk wastewater. They achieved the COD re-
moval of 78% at OLR of 8 kg COD/m?-d. In turn,
Rodgers et al. (2004) studied whey treatment in
anaerobic moving biofilm reactor with plastic
support media and obtained 89% COD removal
at OLR of 11.6 kg COD/m?-d.

80

75

" - |
65 -
60 -
55 4
50 - T T T
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Fig. 9. The effects of active packing media placement
and magnetic properties on the methane concentration
in biogas

% CH,
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The use of packing media that enhance the
sorption, precipitation and the binding of bio-
genic compounds constitutes an alternative to the
currently used support materials. In the presented
study, an innovative active media with metal ad-
ditives placed in anaerobic reactors allowed for
the effective phosphorus removal (85-87%) and
suspended solids elimination. The corrosion of
metals stimulates the biochemical degradation of
organic compounds by modification of anaerobic
environment inside the reactor through a reduc-
tion in the oxidation-reduction potential (ORP)
and an increase in the buffer capacity (Zhang et al.,
2011; Wu et al., 2015). It also enhances the abi-
otic processes of contaminant removal, because
the formed colloids (i.e. Fe(OH), and Fe(OH),)
help to eliminate the organic suspended solids
in flocculation, adsorption and precipitation re-
actions (Noubacept, 2008). Moreover, insoluble
vivianite compounds are formed in the reaction
of metal ions with phosphates, which reduces the
phosphorus concentration in the treated wastewa-
ter (Shi et al., 2011; Wu et al., 2015). Similar pro-
cess may favour the nitrogen compounds removal
via forming complexes with iron ions. However,
during the study, the use of packing media did not
enhance the TN removal.

Placing the active media in methanogenic
tanks significantly enhanced the COD removal
and suspended solids elimination from dairy
wastewater. The magnetic properties of the active
media did not affect the COD, phosphorus and
nitrogen removal, but it enhanced the suspended
solids elimination from the effluent. The enhance-
ment of suspended solids coagulation as well as
better sedimentation of activated sludge by mag-
netic field (Zaidi et al. 2014).

According to the literature, the corrosion of
metals intensified methanogenesis (Shi et al.,
2011; Liu et al., 2015). During the study, the
placement of the active packing media in metha-
nogenic tanks significantly enhanced the biogas
production and yield. During AD, metal catalysts
such as zero-valent iron are electron-donors for
methanogenic and denitrifying bacteria (Karri et
al. 2005). Under anaerobic conditions, iron cor-
rosion is triggered by gaseous H,, and the formed
CO, is reduced to CH, by hydrogenotrophic
methanogens such as Methanococcus thermo-
lithotrophicus, Methanobacterium thermoauto-
trophicum, or Methanospirillum hungatei (Wu
et al. 2015). Shi et al. (2011) used iron nanopar-
ticles to supplement the UASB reactor and ob-
tained an increase in the biogas productivity and
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the methane content in biogas (by 12.9—17.9%
and 10.7-12.9%, respectively). In a study on the
UASB reactor filled with iron elements Zhang et
al. (2011) achieved a 66.8% content of methane
in biogas versus 47.9% in biogas generated in an
UASB reactor without elements.

The magnetic properties of M-APM used
in the presented study enhanced the daily bi-
ogas production and yield. According to Ji et al.
(2010), a suitable level of magnetic induction,
not greater than 17.8 mT stimulates the meta-
bolic activity of microorganisms, thus improving
the efficiency of wastewater treatment. Zielinski
et al. (2014) showed that the value of magnetic
induction of 0.38 T positively affected the or-
ganic matter removal and biogas production.
Krzemieniewski et al. (2004) applied a stable
magnetic field with induction of 0.4-0.6 T and
achieved an increased efficiency of the COD,
ammonia nitrogen and orthophosphates removal
from municipal, household and dairy wastewater
(25-55%, 50-66%, 87-90%, respectively) when
compared to the removal rates in the system with-
out magnetic field assistance.

CONCLUSIONS

This study demonstrated that incorporation of
metals into the plastic packing media used in an-
aerobic reactors could enhance the organic mat-
ter, phosphorus and suspended solids removal,
and also contributed to a better biogas production.
Placing the active packing media in the methano-
genic functional areas of an anaerobic reactor sig-
nificantly enhanced the COD removal form dairy
wastewater, suspended solids elimination, as well
as the daily biogas production and biogas yield.
The magnetic properties of the active media did
not affect any COD and phosphorus removal, but
it greatly contributed towards higher biogas pro-
duction and suspended solids elimination.
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