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Abstract

A lab-scale gravity-driven bioreactor (GDB) was designed and constructed to evaluate the simultaneous treatment of black liquor and
domestic wastewater. The GDB was operated with a mixture of black liquor and domestic wastewater at a ratio of 1:1 and maintained
at an average organic loading rate of 1235 mg-COD/L-Day. The wastewater was fed to the primary sedimentation tank at a flow rate
of approximately 12 mL/min and subsequently passed through serially connected anaerobic and aerobic chambers with the same flow
rate. Each wastewater sample was allowed to undergo a hydraulic retention time of approximately 72 h, ensuring effective treatment.
The GDB was actively operated for nine samples (W1-W9) at a weekly frequency. The entire process was conducted within the
workstation’s ambient temperature range of 3035 °C to sustain microbial activity and treatment efficiency in an open environment.
The performance of the GDB was evaluated in terms of various pollution indicators, including COD, BODs, lignin removal, TDS,
TSS, EC, PO43_, SO42_, microbial load (CFU/mL and MPN index), total nitrogen, and color reduction. The results showed that the
GDB achieved promising treatment efficiencies: 84.5% for COD, 71.80% for BODs, 82.8% for TDS, 100% for TSS, 74.71% for E.C.,
67.25% for PO43_, 81% for SO42_, and 69.36% for TN. Additionally, about 80% reduction in lignin content and 57% color reduction
were observed after the treatment. The GDB substantially reduced microbial load in CFU/mL (77.98%) and MPN (90%). This study
marks the first to report on wastewater treatment from two different sources (black liquor and domestic wastewater) using a simple
GDB design. Furthermore, it highlights the GDB’s potential as a cost-effective, environmentally friendly, and efficient solution for
wastewater treatment, with no need for supplementary chemical or physical agents and zero operational costs.

Keywords Black liquor - Domestic wastewater - Gravity-driven bioreactor - Wastewater treatment - Microbial
contamination

Introduction

The rapid shift from an agrarian economy to an industrial
one over the last three decades has posed numerous chal-
lenges to our ecosystem. With the substantial increase in
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industrial output to meet the growing demand for various
goods, the accelerated industrialization process has gener-
ated significant volume of untreated or inadequately treated
waste discharged into the environment. The pulp and paper
industry holds significant importance within the industrial
landscape of Pakistan while also being acknowledged as
a notable contributor to environmental degradation. The
paper-making process relies heavily on key resources such
as wood, water, and energy (Kamali and Khodaparast 2015).
This intricate process involves the use of various chemicals
at each stage, including impregnation, cooking, recovery,
blowing, screening, washing, and bleaching (Lappalainen
et al. 2020), leading to the creation of highly contaminated
and toxic effluent, a dark brown or black liquid commonly
referred to as black liquor (BL) (Kinnarinen et al. 2016;
Singh and Chandra 2019; Kinnarinen et al. 2016). It con-
tains 15% solids by weight, of which 10% are inorganics and
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5% are organics (Bajpai 2016). The organics in BL mainly
compose of lignin (30-50%), soaps (40-45%), acetic/for-
mic acids (15-20%), polysaccharides (3—-10%), and others
(Stokke et al. 2013). Additionally, it also holds various alco-
hols, chlorates, heavy metals, sulfate, and other inorganic
substances (Lindholm-Lehto et al. 2015; Singh et al. 2015).
On the other hand, domestic wastewater contributes its
own set of challenges with high levels of phosphate, TDS,
nitrates, sulfates, organic content, and microbial load. Unfor-
tunately, in technologically less developed countries, the
unavailability of technical expertise and cost-effective waste
treatment options exacerbates the problem. Consequently,
industrial and domestic waste coexist waste streams, mag-
nifying their environmental impact. Given the ecological
and health risks, there is an urgent need to address the treat-
ment of both pulp and paper industrial effluent and domestic
wastewater to protect terrestrial and aquatic ecosystems.

Existing physiochemical wastewater treatment methods
includes sedimentation, ultrafiltration, coagulating, floata-
tion, ozonation, and electrolysis (Hermosilla et al. 2015;
Faubert et al. 2016; Abdelaziz et al. 2016; Khan et al.
2021). While effective, they come with significant downside,
including high costs, maintenance requirements, greenhouse
gas emissions, and generation of toxic byproducts (Zhang
et al. 2012; Solana and Néjera 2016; Singh and Chandra
2019), such as sludge (Toczylowska-Mamiriska 2017; Patel
et al. 2021) and toxic secondary metabolites (Hubbe et al.
2016; Bajpai and Bajpai 2018). Likewise, membrane-based
processes require membranes that face flux decline due to
membrane fouling (Lin et al. 2012). These methods are nei-
ther economically suitable nor environmentally friendly.
Therefore, there is a dire need to develop an economical
and eco-friendly method for treating wastewater (Patel et al.
2021). Since biological treatment processes are generally
recognized as sustainable and cost-effective, ample research
has been conducted to explore the application of microor-
ganisms in integrated engineering systems (Chong et al.
2012; Ashrafi et al. 2015; Duan et al. 2016). In biological
methods, plants and microorganisms such as algae, bacteria,
and fungi as well as their enzymes are used to treat wastewa-
ter efficiently (Zhang et al. 2020). Furthermore, these bio-
technological methods have advantages over conventional
regimes like mild reaction conditions, higher efficiency, low
energy requirements, and production of non-toxic byprod-
ucts (Khan et al. 2021).

In this study, we designed, constructed, and operated
a lab-scale gravity-driven bioreactor (GDB) for treating
high-strength pulp and paper industry effluent mixed with
domestic wastewater. The GDB incorporates stone/pebbles
filter media in aerobic and anaerobic chambers, providing
attachment sites to the complex adapted microbial communi-
ties. These microorganisms either utilize these contaminants
as food or break them down with their versatile enzyme
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systems. The GDB efficiently remove various contami-
nants, including biological oxygen demand (BODjs), chemi-
cal oxygen demand (COD), microbial load (CFU/ml and
MPN/100 ml), and nutrients such as sulfates, phosphates,
and total nitrogen. Owing to its sustainability and operation
under the influence of gravity, the GDB was developed with
an inbuilt “easy to operate design” with no operational cost
and energy input. Since countries like Pakistan suffer severe
electricity shortfalls, the GDB could provide an innovative
solution to treat domestic and industrial wastes with high
process efficiency. This research addresses an important
gap by proposing an innovative solution to simultaneously
treat wastewater from two diverse sources, black liquor and
domestic wastewater, providing a sustainable model for
waste management without incurring energy costs. Such
systems hold promise in conserving natural environments
and water resources.

Materials and methods

Designing and construction of GDB
for the treatment of wastewater

A lab-scale GDB with aerobic and anaerobic chambers was
constructed in the Applied and Environmental Microbiol-
ogy Lab of Quaid-i-Azam University, Islamabad, Pakistan.
GDB consisted of five plexiglass chambers (dimension:
length=10", width=12.0", and height=22.0") arranged on
a tabletop at different heights to maintain water flow under
the force of gravity. These chambers were designated one
primary sedimentation tank (PST), two anaerobic cham-
bers (ANC), one aerobic chamber (AC), and one sand bed
chamber. Stones or pebbles having a rough surface area and
volume of about 2 mm?® were used as the packing material
(filter media) in all the chambers. To create an anaerobic
environment, ANC chambers were sealed with paraffin wax,
while in the aerobic chamber, oxygenation was carried out
using aquarium pumps. These five plexiglass chambers were
connected using polyvinyl chloride (PVC) pipes fitted with
hydraulic valves. Before being put into working conditions,
the stones were soaked in wastewater for 10 days to establish
an adapted biofilm over the surface. The GDB is schemati-
cally represented in Fig. 1.

Operational setup of GDB for wastewater treatment

Samples of wastewater were collected in pre-washed (with
detergent, dilute nitric acid, and double-deionized water)
polyethylene bottles. Black liquor was collected from Pre-
mier Paper Mills Limited, Lahore (Pakistan), and domes-
tic wastewater was collected from the residential colony
of Quaid-i-Azam University Islamabad, Pakistan, and
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Fig. 1 Schematic illustration
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were mixed in equal proportion (1:1). The lab scale GDB
(working volume 2.6 L) was continuously fed with 2 L
of wastewater daily with an organic loading rate (OLR)
of 1235 mg-COD/L-Day, hydraulic retention time (HRT)
of 3 days, and flow rate (FR) of 12 mL/minute. HRT and
FR in each chamber were controlled by valves (V1-V4).
The wastewater was fed to the first chamber, the PST,
and retained in the PST for 1 day (24 h) and then fed to
the remaining chambers (ANC, AC & sand bed) subse-
quently for 2 days (48 h). GDB was run for nine samples
(W1-W9), and only one sample was selected each week
(from August 2021 to October 2021) for physicochemical

and microbiological analysis before and after treatment.
The inlet (influent) and outlet (effluent) samples were in
sterilized disposable bottles, all the analyses were con-
ducted in triplicates, and mean values were recorded.

Physicochemical characterization of wastewater
before and after treatment

Untreated and treated wastewater samples were collected
and analyzed for physicochemical and microbiological
parameters. The pH of both inlet and outlet was determined
using a pH meter PHS-3C (Shanghai Puchun Measure
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Instrument Co., Ltd. Shanghai, China). COD, TDS, and
TSS were measured by Spectroquant® cell 114541 (Merck,
Germany) and Spectroquant Pharo 300 (Merck, Germany),
the standard method 5210B (APHA 1926), and by stand-
ard methods of 2540C and 2540D with a spectrophotom-
eter (T60VU-UVIS spectrophotometer, Beijing, China) at
465 nm, respectively. The lignin content was measured using
the standard Biorefreniary Test Method L2:2016(Costa et al.
2017). The procedure relies on sulfuric acid hydrolysis of
the samples, enabling the determination of total lignin con-
tent by summing up the acid-insoluble matter (AIM) and
acid-soluble matter (ASM) concentrations after the hydroly-
sis. Similarly, D.O. and total nitrogen (T.N.) were also deter-
mined by using a DO meter (MM60R, TOA-DKK, Tokyo,
Japan) and Spectroquant Pharo 300 (Merck, Germany),
respectively. In contrast, sulfates, color, and phosphates were
determined using standard EPA methods (APHA 1926).

Microbiological analyses

Microbiological analyses of untreated and treated samples
were performed to quantify bacteria in influent and effluent
samples. The conventional microbiological method was used,
and CFU was calculated using the following formula.

CFU /ml = No. of colonies X dilution factor [inoculum size

The presence of Faecal coli forms in untreated (influent)
and treated (effluent) samples was detected by MPN. For
this purpose, influent and effluent samples were incubated
24-48 h at 42 °C in lactose broth using a multiple tube tech-
nique containing inverted Durham tubes. The tubes with
positive results were sub-cultured on nutrient, MacConkey,
and mannitol salt agar plates and incubated for 48 h at 37 °C,
confirmed by microscopy and total count.

Table 1 Initial physicochemical characterization of wastewater

Statistical analysis

All the readings were taken thrice, experiments were per-
formed in triplicates, and results were recorded as the
mean =+ standard deviation (S.D.). p <0.05 was considered
as the minimum value for statistical significance.

Results and discussion
Pretreatment analysis of influent samples

The influent sample was prepared by blending equal volume
of BL collected from Premier Paper Mills, Lahore, Pakistan
and domestic wastewater collected from the residential col-
ony of Quaid-i-Azam University Islamabad, Pakistan. The
influent’s physicochemical characteristics were determined
and used as the initial baseline for accessing treatment effi-
ciency. The key parameters included COD and BOD; with
concentrations of 1235 mg/L and 786 mg/L, respectively.
TDS and TSS were measured at 2644 mg/L and 2500 mg/L,
respectively. The concentrations of total nitrogen (TN),
phosphates, and sulfates were 138 mg/L, 3.45 mg/L, and
887 mg/L, respectively. A complete characterization of
pulp and paper industry effluent, domestic wastewater, and
blended wastewater is shown in Table 1. The physicochemi-
cal characteristics of all inlet samples (W1-W9) are pre-
sented in Table 2.

Post-treatment analysis of effluent samples
Odor and pH

The wastewater had a very pungent and unpleasant odor. It
was observed that GDB efficiently removed unpleasant odors

Physicochemical characterization of wastewater

Permissible limits

Parameters Pulp and paper industry efflu- Domestic wastewater Blended wastewater NEQ’s Pakistan USEPA
ent, black liquor (BL) influent for GDB
pH 8.2+0.15 7.3+0.14 8.1+0.18 6-9 5-9
COD (mg/L) 1750.56 +35.50 410.55+22.54 1238.9612 +29.93 150 120
BOD; (mg/L) 1513.53 +32.35 365.11+11.22 811.3+27.78 50-75 5<
Sulfates (mg/L) 2570.98 +62.80 174.54 +£3.44 887.1926 +28.28 400 252
Phosphates(mg/L) 4221+0.117 2.5+0.67 3.4+0.05 NGV 0.05
TDS (mg/L) 3571.455+48.23 1255.49+23.11 2506.37+19.15 3500 500-1000
TSS (mg/L) 1890.411+57.28 350.77+2.91 1524.33 +45.99 200 25-80
Total nitrogen (mg/L) 160.911+4.48 33.02+2091 138.98+3.9 NGV 10
Lignin (mg/L) 189.33+6.53 0.56+0.018 155.6296+6.9 NGV 0.05

Values are given as mean with S.D (n=3)

Key: NGV =not given value
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due to the prolonged contact time of pollutants with biofilms
that extended the degradation of organic contaminants. Pre-
vious studies also reported that increased contact time of
microbial biofilm with pollutants helps in the degradation
of organic and aromatic pollutants, resulting in the removal
of unpleasant odors when treated in various types of bio-
logical reactors (Rasool et al. 2018; Sehar et al. 2015). The
influent had a broad range of pH values, ranging from 7.28
(sample W4) to 9.47 (sample W1), indicating significant
variation in the initial pH. Treatment with GDB resulted in
an average pH level change of around 8.82% across all sam-
ples, suggesting a successful and uniform pH adjustment in
the treated effluent. Notably, sample W4 exhibited the most
significant alteration in pH with a post-treatment increase of
15.02%, as shown in Fig. 2. This observation highlights the
GDB’s ability to effectively regulate pH levels, particularly
when the original values are more extreme. Importantly, the
effluent pH levels remained within the permissible limits of
WHO (2006) standards of 6.5-8.5 after treatment, indicating
the GDB’s effectiveness in neutralizing acidic or alkaline
constituents. It is essential to highlight that the GDB system
has both aerobic and anaerobic biofilms; this combination
likely played a pivotal role in pH adjustment by allowing the
biodegradation of diverse organic and inorganic constitu-
ents found in wastewater (Castro et al. 2017). The observed
enhancement in pH levels demonstrates the potential of
the GDB for accomplishing efficient wastewater treatment,
particularly for intricate mixtures of pulp and paper indus-
try effluent and domestic wastewater; however, additional
research on the distinct microbial communities and chemi-
cal transformations occurring within the GDB holds the
potential to elucidate the fundamental processes driving the
observed alterations in pH.

Dissolved oxygen (DO) and removal of organic
contaminants

DO is considered one of the crucial parameters in determin-
ing water quality. Initial DO levels varied, with sample W4
having the highest DO at 2.91 mg/L and sample W7 having
the lowest DO at 1.7 mg/L. Throughout the treatment in
the bioreactor, it was observed that the average spike in DO
levels was around 153.34%. Sample W8 exhibited the high-
est increase in dissolved oxygen levels, with a notable jump
of 186.59%, as shown in Fig. 3c. This result underscores
the significant potential of the GDB to enhance DO levels
effectively. The findings highlight the potential of the GDB
to improve oxygen levels by reducing the BOD and COD,
hence enhancing water quality and the ecological well-being
of the receiving water bodies. The increase in DO and reduc-
tion in the organic contaminants indicates the active metabo-
lism of organic pollutants in the wastewater. The increase in
DO content after treatment through GDB is attributed to an

Table 2 Physicochemical characteristics of wastewater used as influent for GDB for 9 weeks at temperature range of 30-35 °C

Physicochemical characteristics of wastewater used as influent for GDB

Sample

Duration

Color (Pt—Co)

Lignin (mg/

L)

TN. (mg/L)

PO, (mg/L) SO,> (mg/L)

TDS (mg/L) TSS (mg/L)

EC (us/cm)

DO (mg/L)

BOD (mg/L)

COD (mg/L)

Code

(weeks)

268+19.7

265.33+24.9
278.33+21.8

167.66+6.3
147.67+2.3

133+4.2
139+5.6
124.5+49

881+33.94
842.33+23.57

3.77+0.17

2549.66 +74.01

2665 +48.55

2755+16.97 2561.66+58.9
2561.333 +£59.23

1825.33 +38.65
1668.66 +47.14

823.3+33.99 1.93+0.07 9.46+0.18
1189+35.69 811.3+23.09 1.97+0.03
821.6+27.78 2.09+0.05

1086.66 +39.61

W1

155+4.8
158.33+8.0

889+28.28

3.19+0.14

2458.33+65.99 2.91+0.05

1879.33+61.28

8.33+0.188

1187.667+29.9

w2

221.33+£23.2

132.1+4.4

836+32.52

2472.66+73.06 3.18+0.10

2479.667 +£66.95

1772.33 +76.83

8.56+0.094

8.5+0.1414

787.3+£26.59 2.91+0.16

1126.667 +27.1

285.33+16.5

149+6.1

151.4+3.5

2473+91.92 3.15+0.16

2614.333 +56.49

1931+53.74

8.73+0.37

680+29.43 2.19+0.08

1324 +£25.35

1281.667+31.8

w4

251172

159.33+7.7

133.1+5.7

908+11.313
123.3+4.7

2625+78.38 2565.33+78.72 3.91+0.14

1779.33 +50.44

1.87+0.02

775+26.77

W5

148.31+5.7

952+25.45
891.33+29.22
933.33+19.32

2665.667+63.19 2479.33+47.14 3.71+0.03

1839+43.84

1825.33+45.72

8.4+0.141

8.1+0.282

744.6£31.11

1391.333+15.9

w6
W7

W8

212+14.7

161.33+7.7

138.3+5.1

2528.33+65.52 3.76+0.06

2755.333 +£54.61

8.5+0.141

1.7+0.04
1.79+0.06

835+24.05

1271.333+21.5

259+20.9

154+6.1

134+5.6

851.7+21.02

2468.33+66.93 3.51+0.13

2669 +51.31

1893.33+51.85

8.5+0.141

1292.333+37.27 799.6+33.72

321+18.4

2.1+0.05 +

3)

Values are given as mean with S.D (n
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Fig.2 Changes in the pH levels

in the influent and effluent 12 w2 Untreated — Treated ——% Change 20
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oxygen-rich environment in the aerobic chamber that favors
the rapid growth of aerobic microbes. These aerobic bacte-
ria participate in the metabolic process of organic materi-
als, resulting in the liberation of oxygen and subsequently
increases in DO levels (Luan et al. 2022). In contrast, inside
an anaerobic chamber of GDB, the elevation in DO content

results from several microbial metabolic activities, such
as denitrification. These processes generate oxygen as a
byproduct of their reactions, contributing to the observed
increase in DO levels (Huang et al. 2022). The GDB utilizes
both aerobic and anaerobic processes in a mutually benefi-
cial manner to enhance DO, hence improving water quality
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Fig.3 Changes in the concentrations of COD (a), BODjs (b), and D.O. (¢) in influent and effluent samples during 9 weeks of operation through

GDB
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and promoting a more sustainable ecology in the receiving
water bodies.

Organic pollutants can be characterized by the proxies of
COD and BODys, which are associated with the amount of
DO in water. The removal of COD is presented in Fig. 3a.
The untreated wastewater exhibited a considerable initial
variation in pollutant contents, with sample W7 having the
highest COD at 1391.33 mg/L and sample W2 register-
ing the lowest COD at 1189 mg/L. An average reduction
of 76.00% COD after treatment in the GDB was observed,
demonstrating the efficacy of the GDB in degrading and
removing organic pollutants from wastewater. With an
incredible 84.48% decrease, sample W7 showed the most
dramatic reduction in COD, proving the GDB’s capacity
to reduce COD concentrations regardless of higher base-
line levels considerably. The GDB is beneficial for treating
domestic and industrial wastewater, highlighting its potential
as an effective technique for simultaneously removing con-
taminants of different natures. The main factor influencing
COD elimination in an aerobic biofilm bioreactor is oxy-
gen, which promotes the development of aerobic bacteria.
These microbes use oxidation to break organic pollutants
into simpler, less toxic molecules (Mahto and Das 2022).
The absence of oxygen in anaerobic biofilm bioreactors
promotes the development of anaerobic microbes that use
organic matter as an electron donor, which makes it easier to
break down complex organic molecules into carbon dioxide
and methane. Intending to remove COD, both aerobic and
anaerobic methods are crucial. They provide flexible waste-
water treatment options tailored to the effluent’s particular
requirements (Karadag et al. 2015).

Similarly, the untreated effluent significantly varied
BODs levels, with sample W1 having the highest BOD5 of
823.33 mg/L and sample W5 having the lowest BODS5 of
680 mg/L, presented in Fig. 3b. Results indicate that the
GDB led to an average reduction of approximately 68.87% in
BOD;, demonstrating the efficacy of GDB’s treatment pro-
cess in decomposing and removing biodegradable organic
pollutants in the wastewater. The samples W2 and W7 dis-
played a significant BOD; reduction, with a decrease of
71.40% in both cases. These results highlight the GDB’s
ability to effectively reduce BOD; concentrations of waste-
water with different origins and initial containment levels,
establishing its significance in industrial and residential
wastewater treatment. Naz et al. (2016) reported a 59.67%
reduction in the BODj in a fluidized bed reactor and a sand
column filter with a retention time of 96 h. The reduction in
COD and BODj is attributed to the pre-development of bio-
film on the stone media. The biofilm’s complex and adapted
bacterial colonies utilized the organic contaminants and oxi-
dized them into CO, and H,O. The GDB consists of aerobic
and anaerobic chambers, presenting a complete and adapt-
able approach for minimizing BOD. The aerobic chamber

facilitates the development of aerobic microorganisms by
providing an environment abundant in oxygen. These aero-
bic bacteria play a crucial role in degrading biodegradable
organic contaminants via oxidation. At the same time, the
anaerobic chamber facilitates the growth of anaerobic bac-
teria that effectively engage in the process of fermentation
and decomposition of organic substances, hence contribut-
ing to the further reduction in BOD levels (Lu et al. 2022).
Using an integrated process (aerobic and anaerobic simulta-
neously), the GDB system affirms the attainment of effective
and comprehensive BOD removal. To achieve compliance
with permissible effluent discharge limits of NEQ of Paki-
stan or USEPA, an extended HRT is a valuable approach.
However, subsequent research is required to explore the
impact of varying HRT and/or temperature to optimize the
GDB’s wastewater treatment efficiency.

Pulp and paper industry effluent contains more recal-
citrant pollutants like lignin, chlorinated lignin, and sops
(Virkutyte 2017). In contrast, the wastewater from domes-
tic effluent contains relatively less concentration of such
recalcitrant and higher microbial communities from the gut
of humans (Ju et al. 2019). The co-digestion of wastewater
originating from various sources with distinct substrates has
the potential to mitigate toxicity and foster the establish-
ment of a resilient microbial population. In addition, the
microbial community can undergo acclimation and adapta-
tion in response to unfavorable conditions (Chen et al. 2008).
Hence, the commencement of wastewater treatment, which
involves the presence of inhibitors or toxicants at high con-
centrations, necessitates an initial acclimation or adaption
phase that may span from a few days to several weeks. With
thick layers of aerobic and anaerobic biofilm, GDB contains
a higher population of adapted communities, effectively
removing organic contaminants and improving water quality.

Total solids and electrical conductivity

Total solids in wastewater comprise both TDS and TSS.
According to WHO (2006) and US-EPA (2007), the
recommended values for TDS in wastewater should not
exceed 1000 mg/L, while TSS should be within the range
of 25-80 mg/L. The concentration of TDS in wastewater
samples was very high due to many suspended, dissolved,
and colloidal particles such as sand particles, slit and clay,
industrial waste, and different organic and inorganic ions.
In the present study, GDB proves to be quite efficient in
reducing the levels of TDS and TSS. The lowest TDS
was observed in sample W3 at 2561.33 mg/L. After treat-
ment, all the samples exhibited an average decrease of
approximately 72.75% in TDS levels, as shown in Fig. 4a.
Notably, sample W6 demonstrated the most significant
reduction, with an impressive decrease of 82.04%. This
outcome highlights the GDB’s remarkable ability to
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substantially reduce TDS concentrations, even when con-
fronted with elevated initial TDS levels. These findings
demonstrate the efficacy of the GDB treatment process in
effectively reducing the concentration of dissolved solids
in the effluent, which in turn, leads to enhanced water
quality and a decrease in environmental contamination.
In GDB, TDS reduction is owed to microbial metabolism
and sedimentation processes. In the aerobic chamber,
microbial activity consumes dissolved organic molecules,
whereas in the anaerobic chamber, certain processes
produce insoluble precipitates (Soo et al. 2022). These
combined methods efficiently lower the concentration of
dissolved solids, improving water quality and conforming
with regulatory limits for permitted TDS levels in efflu-
ent discharge.

Fig.4 Changes in the concen-
trations of TDS (a), TSS (b),
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Removal of nutrients

Wastewater from various sources generally comprises differ-
ent ions and nutrients such as PO,*~, SO,*~, and TN. While
WHO (2006) does not specify a standard limit for phos-
phate in clean water, the US-EPA (2007) sets the limit for
phosphorous at 0.05 mg/L. The phosphate concentrations in
influent samples were between 3.4 and 4.0 mg/L (Table 1).
Such high levels of PO,*" in the wastewater stream can
result in eutrophication. The concentrations of phosphates
decreased considerably (p <0.05) with a treatment efficiency
of 68% (1.13 mg/L) after passing through GDB, as shown
in Fig. 5a. This reduction in phosphate level could be attrib-
uted to polyphosphorous-accumulating bacteria (PAO) in
the biofilm (Ni et al. 2022). About 58% phosphate reduc-
tion was also reported in attached and suspended growth
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bioreactors. It was attributed to the physiological activities
of microbes present in the biofilm (Naz et al. 2015).

SO,*" is another essential nutrient in almost all types
of wastewaters, including industrial effluent, domestic
wastewater, and natural runoff. The raw effluent showed
varying sulfate levels, with sample W5 having the highest
concentration at 908 mg/L and sample W2 having the low-
est at 842.33 mg/L. After treatment in the GDB, the results
showed an average reduction of approximately 76.98% in
sulfate levels. Notably, sample W5 exhibited the high-
est reduction in sulfate concentration, with a significant
decrease of 81.75%, as shown in Fig. 5b. This highlights
the GDB’s ability to effectively decrease sulfate levels
in wastewater, hence playing a crucial role in meeting
environmental regulations and mitigating the ecological

Fig.5 Changes in the concen- 5
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risks associated with elevated sulfate discharges. Several
factors contribute to this reduction, including oxidation,
increased DO levels, reduced activities of sulfate-reduc-
ing bacteria (SRB) (Stein et al. 2007), and precipitation
of sulfide with metals and elemental sulfur (Bottrell et al.
2010). The reduction in sulfate levels observed in GDB
can be ascribed to the synergistic action of various micro-
bial activities. Within the aerobic chamber, SRB engages
in the process of sulfate ion consumption, wherein these
ions are transformed into comparatively less detrimental
substances such as hydrogen sulfide (Stillger and Miiller
2022). Within the anaerobic chamber, SRB reduces sulfate
by employing organic materials as electron donors, thus
facilitating sulfate removal. The effective reduction of sul-
fate in the bioreactor is vital for maintaining environmental
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compliance and preventing adverse impacts on aquatic eco-
systems. This is achieved through the synergistic interac-
tion between aerobic and anaerobic processes (Daraz et al.
2022).

TN is the sum of all forms of nitrogen in water, includ-
ing nitrates, nitrites, and ammonia nitrogen. The per-
missible limits for each form of nitrogen are different,
e.g., the nitrates limit is 50 mg/L, and the nitrite limit
is 3 mg/L (US-EPA 2007). The untreated effluent dem-
onstrated a range of TN, with the highest concentration
observed in sample W5 at 161.47 mg/L and the lowest in
sample W3 at 114.5 mg/L. After treatment, the average
reduction in TN levels was approximately 45.58%. The
sample that exhibited the most significant reduction in
TN concentration was W6, with a decrease of 68.97%
(47 mg/L), as shown in Fig. 5c. The reduction is essential
for ensuring environmental compliance and mitigating
nitrogen pollution in water bodies that receive treated
wastewater. Our findings are consistent with those of
Rasool et al. (2018) who reported a ruction in TN of up to
65% in a trickling filter system for domestic wastewater
treatment. TN reduction in the GDB was accomplished
by utilizing a synergistic interaction of several processes.
For instance, nitrifying bacteria convert ammonia (NH;)
to nitrate (NO®7) in the aerobic chamber, and denitrifying
bacteria in the anaerobic chamber convert nitrate into
nitrogen gas (N,). Anammox bacteria may also contribute
to converting ammonium and nitrite to N, (Khanthong
et al. 2023). These synchronized processes successfully
decrease TN concentrations, which is essential for pre-
venting nutrient contamination in effluent and preserving
the ecological equilibrium in receiving waters. Thus, the
present study indicates that attached growth bioreactors
consisting of stone as a filter medium are proficient in
nitrogen removal. Another benefit is its budget-friendly
and low-maintenance characteristics.

Lignin degradation

Lignin is a prominent contaminant in pulp and paper
industry wastewater. The quality of paper depends on the
quantity of lignin in the product. A substantial portion of
lignin is extracted during the washing and bleaching stages
to enhance paper quality. Throughout these processes, the
breakdown of lignin yields phenolic compounds, which can
alter the pH level and contribute to the effluent’s dark brown
hue. Consequently, both lignin and phenolic compounds
notably influence visual appeal while posing significant
environmental threats. In the present study, the untreated
effluent exhibited a range of lignin concentrations, with sam-
ple W1 containing the highest lignin at 167.67 mg/L and
sample W7 containing the lowest at 148.33 mg/L. Following
treatment in the GDB, sample W7 exhibited the most sig-
nificant reduction in lignin content, with an 80.11% decrease
(118.83 mg/L), as illustrated in Fig. 6. These results illus-
trate the GDB’s potential to effectively reduce lignin con-
centration in wastewater, a critical element in mitigating the
adverse effects of lignin-rich industrial effluents on receiv-
ing water bodies. In another study, COD, lignin, color, and
phenol removal rates were documented at 85%, 74%, 96%,
and 81%, respectively (Majumdar et al. 2019). The degra-
dation of lignin in GDB is primarily attributed to bacterial
biofilms, as bacteria can metabolize lignin and its aromatic
derivatives, yielding intricate lignocellulosic biomass that
sustains their growth. Moreover, these bacteria facilitate the
production of ligninolytic enzymes, which are essential for
degradation (Rinaldi et al. 2016). Diverse bacterial species
have been studied for their competence in detoxifying lignin
and generating ligninolytic enzymes. Strains like Bacillus
sp. and Paenibacillus sp. have been isolated from pulp and
paper mill waste, with their lignin degradation capabilities
verified through degradation product analysis (Chandra et al.
2007). Additionally, soil-derived laccase-producing bacteria,
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including Azotobacter, Bacillus megaterium, and Serratia,
have demonstrated the capacity to break down lignin, with
their effectiveness attributed to laccase production (Xu et al.
2018). Bacillus altitudinis SL7 has been highlighted by Khan
et al. (2022) for its exceptional lignin degradation efficiency,
especially when dealing with elevated lignin concentrations.

Color reduction

The presence of any coloration or odor of water is aestheti-
cally unpleasant and serve as an indicator of contamination.
In the case of BL, color primarily arises from lignin-con-
taining compounds, while odors are associated with aromat-
ics and the oxidation of aldehydes or ketones. The removal
of odor and color can be attributed to the degradation of
these pollutants. Studies also indicate that biofilms play a
significant role in facilitating the degradation of organic
compounds and the removal of odors (Collivignarelli et al.
2019). In this study, the untreated effluent showed varying
levels of color, with the highest intensity detected in sample
W1 at 265.33 Pt—Co and the lowest in sample W7 at 212
Pt—Co. However, following treatment using the GDB pro-
cess, the average reduction in color levels was approximately
42.36%. The maximum reduction in color was 57.53%,
observed in sample W9, as shown in Fig. 7. The reduction
of color in aerobic and anaerobic chambers of the GDB for
pulp and paper industry effluent and domestic wastewater is
primarily attributed to the biodegradation of colored organic
compounds. Aerobic microorganisms metabolize and break
down complex organic molecules responsible for color in
the aerobic chamber. In contrast, in the anaerobic chamber,
anaerobic processes contribute to the removal of color by
promoting the transformation of recalcitrant compounds

(Dick and Malvessi 2022). This dual-process approach effi-
ciently reduces color in the effluent, mitigating the visual
and environmental impacts associated with color-rich waste-
water, thereby promoting better water quality and adherence
to regulatory standards.

Microbiological characterization of influent and effluent
samples

The bacterial population in effluent and effluent samples was
quantified using the colony-forming unit (CFU) method.
Wastewater samples were found to be highly contaminated,
containing a considerable number of different types of bac-
teria (i.e., 1.2x 10*~1.9x 10* CFU/ml). A significant reduc-
tion (77.98%) was observed after treatment through GDB,
as shown in Fig. 8a. This higher treatment efficiency of the
GDB could be attributed to the extended hydraulic reten-
tion time in the reactor, which significantly enhances the
bacterial adsorption onto the stone surfaces, contributing to
biofilm. This metabolically active biofilm plays a key role in
removing organic and inorganic contaminants from waste-
water, leading to increased nitrification and DO levels (Sehar
et al. 2016b). Moreover, the decrease in bacterial population
can be attributed to various mechanisms, including sedi-
mentation, filtration, aggregation, biofilm formation on fil-
ter media, competition, oxidation, solar irradiation, natural
decay, and predation (Sehar et al. 2015; Rehman et al. 2021;
Rasool et al. 2018).

The presence of fecal coliforms in influent and effluent
samples was accessed using the MPN test. The untreated
wastewater samples contained high values of 2400 MPN
index/100 mL due to high concentrations of nutrients and
other contaminants. However, treatment through the GDB
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Fig.8 Changes in the CFU/mL (a) and MPN index/100 mL (b) in influent and effluent samples during 9 weeks of operation through GDB

resulted in a significant reduction with a treatment effi-
ciency of 90%. This significant reduction may be attributed
to the natural die-off of pathogens during their passage
through the filter media and sand bed filtration, as shown
in Fig. 8b.

Conclusions

The GDB offers an environmentally sustainable, efficient,
and eco-friendly solution for the concurrent treatment of
black liquor and domestic wastewater. Remarkably, the
GDB operates without relying on external electricity
input and effectively reduces various pollution indicators,
including color (57%), COD (84.5%), BODs (71.80%),
TDS (82.8%), TSS (100%), and electrical conductivity
(74.71%). Furthermore, it demonstrates significant reduc-
tions in nutrients (phosphates 67.25%, sulfates 81%, and

@ Springer

nitrogen 69.36%), lignin content (80%), and microbial load
(CFU77.98% and MPN 90%). The present study under-
scores the GDB’s potential as an environmentally friendly,
cost-effective, and straightforward solution for addressing
the challenges associated with managing complex waste-
water streams. The results and performance evaluation
highlights the GDB’s suitability for practical implemen-
tation in wastewater treatment, seamlessly integrating into
existing industrial operations without incurring additional
expenses.
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