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ARTICLE INFO ABSTRACT
Keywords: To realize the energy and resource utilization from organic solid waste, a two-phase microbial
Microbial electrochemical enhanced compost desalination cell (TPMDC) was constructed using dewatered sludge and kitchen waste as the

Dewatered sludge

anode substrate. The performance of electricity generation and composting efficacy was inves-
Kitchen waste

tigated, along with a comprehensive assessment of the potential health risks associated with the
land use of the resulting mixed compost products. Experimental outcomes revealed a maximum
open-circuit voltage of 0.893 + 0.005 V and a maximum volumetric power density of 0.797 +
0.009 W/m?>. After 90 days of composting enhanced by microbial electrochemistry, a significant
organic matter removal rate of 31.13 &+ 0.44 % was obtained, and the anode substrate electric
conductivity was reduced by 30.02 + 0.04 % based on the anode desalination. Simultaneously,
there was an increase in the content of available nitrogen, phosphorus, and potassium, as well as
an improvement in the seed germination index. The forms of heavy metals shifted from
bioavailable to stable residual states. The non-carcinogenic hazard index (HI) values for heavy
metals and polycyclic aromatic hydrocarbons (PAHs) during the land use of compost products
were less than 1, and the total carcinogenic risk (TCR) values for heavy metals and PAHs were
below the acceptable threshold of 10~*. The occupational population risk of infection from five
pathogens was higher than that of the general public, with all risk values ranging from 8.67 x
1078 to 1, where the highest risk was attributed to occupational exposure to Legionella. These
outcomes demonstrated that the mixture of dewatered sludge and kitchen waste was an appro-
priate anode substrate to enhance TPMDC stability for electricity generation, and its compost
products have promising land use suitability and acceptable land use risk, which will provide
important guidance for the safe treatment and disposal of organic solid waste.
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1. Introduction

The globe currently confronts the dual challenges of municipal organic solid waste management and soil degradation. Dewatered
sludge, a primary component of municipal organic solid waste, has seen its production escalate with the rapid pace of urbanization. In
China, the output of dewatered sludge surpassed 65 million tons in 2020 and is projected to exceed 90 million tons by 2025 [1].
Kitchen waste, another abundant type of organic solid waste, was produced over 120 million tons in China in 2021 [2]. Both dewatered
sludge and kitchen waste are rich in organic matter and nutrients, which positions them as viable composting materials to rehabilitate
degraded soil and foster crop growth [3,4]. Nevertheless, applying untreated organic waste directly to soil can hinder plant growth, as
the rapid increase of small organic molecules may compete with plant roots for oxygen during the microbial decomposition process
Researches by Oleszczuk et al. [5] and Ramirez et al. [6] have indicated that sludge could dramatically impair the growth and
development of plants and could even inhibit soil invertebrate development [7-9]. Moreover, dewatered sludge contains pathogenic
organisms and potentially toxic components [10,11], which pose a significant risk to soil ecosystem health. Heavy metals, including Cr,
Ni, Cd, Pb, which are classified as toxic, are common contaminants in dewatered sludge [12-14]. Polycyclic aromatic hydrocarbons
(PAHSs), a group of highly carcinogenic, mutagenic, and toxic organic pollutants [15], are also prevalent in dewatered sludge [16].
Prolonged exposure to PAHs has been linked to an increased risk of diseases such as lung, bladder, and skin cancer [17-19]. The
introduction of raw dewatered sludge to soil can introduce heavy metals and PAHs, posing a threat to human health through various
exposure routes, including inhalation, ingestion, and dermal contact during land use [20]. Furthermore, pathogenic microorganisms
that concentrate in sludge during the wastewater treatment can evade disinfection processe, presenting occupational and public health
risks due to their potential to disperse through aerosols [21,22]. Kitchen waste, notable for its perishable nature, strong odors, and
tendency to harbor harmful parasites, pathogens, and mycotoxins [23], is traditionally disposed of in landfills, incinerated, or used as
feedstock. These practices contribute to increased resource consumption, environmental pollution, and the spread of human diseases if
not properly treated [24,25]. Overall, nutrient imbalance, pathogenic organisms, toxic substances, foul odors, and high soluble salt
levels can negatively impact soil properties, thereby impeding the beneficial utilization of organic waste [26-29]. Therefore, the
necessity for further treatment of organic solid waste before land use is imperative.

Composting serves as a prevalent method for treating organic solid waste, achieving a degree of reduction, stabilization, and
harmlessness. Aerobic composting of organic solid waste offers higher stability but at a higher energy cost, while anaerobic composting
is energy-efficient but results in less stable products [30]. Consequently, there is an urgent need for meticulous research to develop
multifunctional and highly efficient composting technologies to meet the growing demand for organic solid waste treatment.

In recent years, microbial electrochemical systems (MES) have been explored to enhance the degradation efficiency of organic solid
waste and enable simultaneous energy recovery [31]. Notably, the invention of solid phase microbial fuel cell (SPMFC) and compost
microbial fuel cell (CMFC) achieved more efficient composting. Yu et al. [32] confirmed that the degradation of sludge was speeded up
by the bioelectricity generation when the anode chamber of microbial fuel cell (MFC) was utilized for treating sewage and dewatered
sludge. Wang et al. [33] employed SPMFC to shorten the composting process of agricultural solid wastes. Khudzari et al. [34] used a
mixture of fruits, vegetables and soil as CMFC substrate, enhancing the degradation efficiency of organic matter by 6 %-8 %. However,
there are still some challenges in MFC enhanced organic solid waste composting, including lower electricity production efficiency,
questionable stability of end product, and anode substrate salinization.

Two-phase microbial desalination cell (TPMDC), which is derived from the MFC by inserting a desalination chamber and con-
centration chamber between the cathode and anode, was developed to address the problem of anode substrate salinization, serving as a
sustainable approach for desalination and concurrent organic solid waste treatment. The ion migration in the desalination system is
driven by the bioelectric potential difference. Cations in the anode chamber are transferred to the concentration chambers through
cation exchange membranes, which achieves the desalination of anode substrates. Salinity in the desalination chamber are removed
through the migration of anions and cations to the concentration chambers and cathode chambers, respectively [35]. This two-phase
desalination is not only benefited land use of anode sludge, but also can be used as a pretreatment for subsequent reverse osmosis (RO)
processes to reduced desalination costs [36-38]. Additionally, integrating the desalination function into the MFC significantly
improved the energy production performance [39]. Meng et al. [40] used dewatered sludge as the TPMDC anode substrate, achieving
an anode sludge desalination rate of 31.63 + 1.26 %, a maximum output power of 3.178 W/m?, and an organic matter removal rate of
25.71 £ 0.15 % over 200 days of operation. The available nutrient contents in the anode sludge increased, and heavy metals were
transformed into stable states.

In summary, although microbial electrochemical systems enhance sludge maturity, making it suitable for subsequent land use,
issues persist, including reduced microbial activity and slower organic matter degradation due to low C/N ratio of dewatered sludge
during the composting process, as well as an insufficient risk assessment of its land use. Therefore, it is of great significance to select
appropriate co-composting substrate to improve the performance of electricity production, such as kitchen waste, which can provide
abundant carbon source for microbial activities [41,42]. Furthermore, conducting a comprehensive health risk assessment of compost
products for land use is of paramount importance.

The primary objectives of this study are to (1) construct a mixed composting system of dewatered sludge and kitchen waste
enhanced by microbial electrochemical system; (2) analyze the power production performance and composting efficiency of the
system; (3) assess health risk of compost products for land use thoroughly, including heavy metals and PAHs from three exposure
scenarios (ingestion, inhalation, and dermal contact), and pathogenic microorganisms from the exposure of occupational and general
populations.
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Fig. 1. Construction of two-phase microbial desalination cell (1) Carbon fiber brushes; (2) Anion-exchange membranes (AEM); (3) Cation-exchange
membranes (CEM); (4) Ag/AgCl reference; (5) Air pump; (6) Aerator; (7) Air bubbles; (8) External resistance; (9) Inlet; (10) Outlet; (11) Sam-
pling point.

Table 1

The properties of experimental materials.
name water content (%) organic matter (%) C/N
DS 70.46 + 1.21 48.38 + 1.25 7.52 + 0.15
Kw 90.42 + 0.98 81.14 £+ 1.09 24.33 +£0.23
DS + KW 74.08 + 1.07 54.93 + 1.06 10.88 + 0.37
experimental soil 14.01 + 0.12 2.91 +0.16 20.04 + 0.25

Note: DS: dewatered sludge; KW: kitchen waste.
2. Materials and methods
2.1. Experimental reactor and materials

The construction of TPMDC adhered to the our previous approach [40], as depicted in Fig. 1. The TPMDC featured a symmetrical
design, central to which was a cylindrical anaerobic anode chamber with dimensions of 6 cm in radius and 13 c¢m in height. Flanking
this chamber were orderly arranged cubic structures: concentration chambers (length 9 cm x width 3 cm x height 9 cm), desalination
chambers (length 9 cm x width 3 cm x height 9 cm), and cathode chambers (length 9 cm x width 5 cm x height 9 cm). Cation
exchange membranes (CEM, Ultrex CMI- 7000, 10 cm x 10 cm) were strategically employed to separate the anode chamber and the
concentration chambers, as well as the cathode chambers and the desalination chambers. Separation between the concentration and
desalination chambers was achieved using anion exchange membranes (AEM, Ultrex AMI-7001, 10 cm x 10 cm). The anode electrode
was a 9 cm diameter carbon fiber brush (STS40 24 K, Toho Tenax), while the cathodic electrode was a composite material consisting of
carbon brushes integrated with graphite particles (diameter of 1-5 mm, Jiuxin Carbon Goods Co., Jilin, China).

The dewatered sludge was sourced from a municipal wastewater treatment plant located in Harbin. The kitchen waste, a blend of
various food items including rice, dumplings, vegetables, cooked meat, mushrooms, and potatoes, was processed by blending with
sterile deionized water in a mixer to serve as the anode substrate conditioner. The experimental soil for land use was from the Songnen
plain, characterized by a pH of 9.37 + 0.21, a soil alkalization degree of 39.38 + 2.52 %, which refers to the proportion of
exchangeable sodium content to the total cation exchange capacity, and an organic matter content of 2.91 + 0.16 %. The bulk density
of the anode compost product and the experimental soil were recorded as 1.124 + 0.011 g/cm® and 2.565 =+ 0.012 g/cm?, respectively.
A detailed overview of the experimental materials is presented in Table 1.

2.2. Experimental methods and sample collection

2.2.1. Experimental methods

The procedures for anode and cathode electrode treatment, catholyte preparation, inoculation, replenishment, and replacement, as
well as the preparation and replacement of salt solution in both desalting chambers and concentration chambers, were executed in
accordance with the established methods outlined in a previous study [43]. Based on the intention of utilizing sludge as the principal
composting material and the results of anaerobic co-digestion of sludge and kitchen [44-46], a mixture of dewatered sludge and
kitchen waste with a mass ratio of 4:1 was introduced into the anode chamber of TPMDC. The anode functioned in an anaerobic mode
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Table 2
The contents of chemical pollutants in soils.
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heavy metals measured values (mg/kg) reference values (mg/kg) PAHs measured values (mg/kg) reference values (mg/kg)
As 7.73 £1.01 20 NaP 0.74 £ 0.05 25
cd 0.79 +1.34 20 Ace 0.13 £ 0.02 5.0
Cr 66.59 + 2.51 400 Acy 0.08 £ 0.02 5.0
Cu 66.38 + 2.67 2000 Flu 0.42 £ 0.07 5.0
Hg 0.62 + 0.01 8 Phe 1.96 + 0.23 5.0
Ni 20.766 + 1.45 150 Ant 1.85 +0.17 5.0
Pb 26.53 + 3.63 400 Fla 1.21 + 0.09 5.0
Zn 211.41 +7.87 500 Pyr 0.88 + 0.04 5.0
BaA 0.45 £+ 0.05 5.5
Chr 0.41 £ 0.03 490
BkF 0.53 £ 0.07 55
BbF 0.39 + 0.04 5.5
IcdP 0.09 £ 0.02 5.5
DahA 0.04 £ 0.01 0.55
BghiP 0.26 + 0.03 5.0

Note: mg/kg was calculated based on dry basis.
The reference value is based on the “Environmental quality standards for soils (Revised)” (GB15618—2008) and the “Soil environmental quality-risk
control standard for soil contamination of development land (Implementation)” (GB36600—2018).

throughout the entire experimental cycle. After 90 days of continuous operation at ambient temperature, the anode compost products
were employed to amend the experimental soil, which had been ground and sieved through a 1 mm standard mesh. The soil was
amended at a dilution ratio of 1.75 x 10~ (implying that 1 g of anode compost products and soil mixture contains 0.00175 g of dry
compost products. This equates to an application rate of 30.75 tons of anode compost products with a water content of 74 % per
hectare, applied to a depth of approximately 15 cm). The improved soil was then transferred to pots with dimensions of 15 cm in
diameter and 20 cm in height for incubation under controlled conditions: a temperature of 25 + 2 °C, a relative humidity of 70 + 2 %,
and a photo period of 14 h of light per day.

2.2.2. Sample collection and analysis method

The full voltage, cathode and anode electrode potential against the Ag/AgCl reference electrode (+-197 mV vs. standard hydrogen
electrode, SHE, model 218, Leici, Shanghai, China) were continuously recorded using a multi-channel voltage collector (PISO-813, ICP
DAS, Co., Ltd, Beijing, China), and the averages were calculated per 24 h. The volumetric power density was calculated and normalized
based on the fixed external resistance (R = 1000 Q) and the net anode chamber (NAC) volume. Polarization curves with the estimation
of internal resistance (Rjn) and the maximum power density (Ppax) curves were depicted according to previously described [47].

Anode substrate samples were collected every five days in the following way: anode substrate was taken out from three layers and
mixed evenly into one sample for physicochemical properties analysis. The mixed anode compost samples were diluted 10 times with
sterile deionized water and centrifuged at 4000 rpm for 20 min, the supernatants were measured for electrical conductivity (EC) using
a conductivity meter (model DDSJ-308A, Leici, Shanghai, China). The same anode compost samples were dried to constant weight in a
constant temperature drying oven (40 + 2 °C), ground and sieved (0.150 mm standard screen) for analysis of organic matter, available
nitrogen, phosphorus and potassium. The analysis methods of these indicators are referred to the “Analytical methods for soil and agro-
chemistry (3rd edition)” [48], specifically, using potassium dichromate method-external heating method for organic matter mea-
surement, alkaline hydrolysis diffusion method for available nitrogen, Mo-Sb antispetrophotography method after 0.5 mol Lt
NaHCOj5 leaching for available phosphorus, and flame photometry after 1.0 mol L™* NH40AC leaching for available potassium. In
addition, total carbon and nitrogen, which are used to calculate C/N ratio, was measured by Elemental analyzer (model Vario EL,
Elementar, Germany). All the analyses were made at least 3 times and the average values with standard deviations were presented. The
germination index (GI) of pakchoi seeds was assessed according to the method previously reported [49].

Heavy metals and metalloids content in anode substrate and improved soil were determined by mixed acid microwave digestion
and ICP-AES method [40], including As, B, Cd, Cr, Cu, Hg, Ni, Pb, Zn. The chemical forms of heavy metals were analyzed using
sequential extraction procedure proposed by the European Standard, Measurements and Testing (SM&T) program, formerly the
Community Bureau of Reference (BCR) [50]. The PAHs were detected using gas chromatography-mass spectrometry of Chinese
standards method (HJ 805-2016) [51]. Then the contents of heavy metals and PAHs in the improved soil after incubation of 30 days
were used to calculate the health risks of anode compost land use. The anode substrates from different periods were directly sealed in a
10 ml sterile centrifuge tubes, stored on dry ice and used for the subsequent macro-genomic analyses. According to the prediction of
gene number, the abundance of pathogenic microorganisms and the amount of anode substrates land use, the concentrations of five
pathogenic microorganisms (including Escherichia coli, Salmonella, Vibrio_cholerae, Legionella, and Shigella) in the soil and aerosols
during the land use were estimated.

2.3. Health risk assessment model of heavy metals and PAHs

Risk assessment is a comprehensive, multi-step process that encompasses hazard identification, exposure assessment, dose-
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Table 3
The exposure parameters for risk assessment.
name of the parameter value
exposure duration (ED, year) 30 (a)
6 (c)
exposure frequency (EF, d/year) 300
absorption factor (ABS) 0.001
body weight (BW, kg) 60 (a)
15 (o)
average time (AT, d) 25550
ingestion rate (IngR, mg/d) 100 (a)
200 (c)
inhalation rate (InhR, m®/d) 20 ()
5(c)
exposed skin area (SA, cm?) 5700 (a)
1600 (c)
skin adherence (SL, mg/cm2-d) 0.07 (a)
0.2 ()
particle emission factor (PEF, m®/kg) 1.36 x 10°

Note: a: adults; c: children.

response assessment and risk characterization [52]. The objective of human health risk assessment is to quantify the potential health
risk and the likelihood of adverse health effects stemming from exposure to chemicals in an environmentally compromised setting. For
the present study, the health risk assessment model recommended by the USEPA was employed to estimate both non-carcinogenic and
carcinogenic risks for adults and children associated with heavy metals and PHAs present in the soil after amendment. Multiple
exposure pathways were considered, including ingestion, dermal contact, and inhalation.

The study calculated the hazard quotient (HQ), total non-carcinogenic hazard index (HI), carcinogenic risk (CR), and total
carcinogenic risk (TCR) for the heavy metals and PHAs in the improved soil. The selection of variable parameters was informed by the
technical guidelines for risk assessment of soil contamination of land for construction in China [53] and the Chinese Population
Exposure Parameters Manual [54-56]. The heavy metals under investigation included arsenic (As), cadmium (Cd), chromium (Cr),
nickel (Ni), copper (Cu), mercury (Hg), lead (Pb), and zinc (Zn). The PAHs encompassed benzo[a]anthracene (BaA), chrysene (Chr),
benzo[k]fluoranthene (BkF), benzo[b]lfluoranthene (BbF), indeno[1,2,3-c,d]pyrene (IcdP), dibenzo[a,h]anthracene (DahA), naph-
thalene (Nap), acenaphthene (Ace), acenaphthylene (Acy), fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Fla),
pyrene (Pyr), and benzo[g,h,i]perylene (BghiP). The concentration of these heavy metals and PAHs in the soil subsequent to the
application of anode compost products was shown in Table 2. The pertinent calculation equations were as follows:

The average daily dose (ADD, mg/kg/day) by inhalation (ADD;,1,), dermal contact (ADDg), and ingestion (ADD;,,) were calculated
as the following equations (1)-(3):

C x InhR x EF x ED

ADDih = —ppr BW x AT W

C x SA x AF x ABS x EF x ED x CF
ADDy,, = BW < AT (2)

C x IngR x EF x ED x CF
ADDing = BW x AT

(3)

where the C was the measured concentration of heavy metals and PAHs in the soil (mg/kg), and the remaining parameters and their
values were detailed in Table 3.

The hazard quotient (HQ) by inhalation (HQjns), dermal contact (HQqer), and ingestion (HQjng) and total non-carcinogenic hazard
index (HI) were calculated according to Eqs (4)-(7). The carcinogenic risk (CR) by inhalation (CR;;;), dermal contact (CRger), and
ingestion (CRyng), and total carcinogenic risk (TCR) were calculated according to Eqs (8)-(11).

ADDyyp,

HQu =g )
o ADDder
HQuer =4 D 5)
ADD;
HQing = R fDm’,[: (6)
HI :HQinh + HQder + HQing (7)
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Table 4

The toxicity parameters of heavy metals.
heavy metal SF; SFinn SFder RfDing RfDinn RfDger
As 1.5 4.30 x 1072 1.5 3.00 x 107* 1.23 x 1074 3.00 x 107*
cd 6.1 1.80 x 1073 6.1 1.00 x 1073 1.00 x 1073 1.00 x 107°
Cr - 42 - 3.00 x 1073 2.86 x 107° 6.00 x 107°
Cu - - - 4.00 x 1072 4.00 x 1072 1.20 x 1072
Hg - - - 3.00 x 107* 1.50 x 107> 8.60 x 107°
Ni - 8.40 x 107! - 2.00 x 1072 2.06 x 102 5.40 x 1073
Pb 8.50 x 1073 4.20 x 1072 1.70 x 107} 3.50 x 1073 3.52 x 1073 5.25 x 10~*
Zn - - - 3.00 x 107! 3.00 x 107! 6.00 x 1072

Note: The units for SF and RfD are (mg/kg/day) !, (mg/kg/day), respectively.

Table 5

The toxicity parameters of PAHs.
PAHs SFing SFinh SFger RfDing RfDinn RfDder
BaA 7.30 x 107! 3.10 x 107! 1.46 - - -
BKF 7.30 x 1072 3.10 x 1072 1.46 x 1071 - - -
BbF 7.30 x 107! 1.46 3.85 x 107! - - -
Chr 7.30 x 1072 3.10 x 1072 1.46 x 1072 - - -
DahA 7.30 3.10 1.46 x 10 - - -
IedP 7.30 x 107! 3.10 x 107! 1.46 - - -
NaP - - - 4.00 x 1072 8.57 x 107* 2.00 x 1072
Acy - - - 6.00 x 1072 3.00 x 1072 3.00 x 1072
Ace - - - 6.00 x 1072 3.00 x 1072 3.00 x 1072
Flu - - - 4.00 x 1072 2.00 x 1072 2.00 x 1072
Phe - - - 3.00 x 1072 1.50 x 1072 1.50 x 1072
Ant - - - 3.00 x 1072 1.50 x 107! 1.50 x 107!
Flt - - - 4.00 x 1072 2.00 x 1072 2.00 x 1072
Pyr - - - 3.00 x 1072 1.50 x 1072 1.50 x 1072
BghiP - - - 3.00 x 1072 1.50 x 1072 1.50 x 1072

Note: The units for SF and RfD are (mg/kg/day) ' and (mg/kg/day), respectively.

CRiny = ADDjyy, X SFipp, (8)
CRyer = ADD o X SFyer 9)
CRing =ADDjg X SFing (10)
TCR = CRin, + CRaer + CRing a1

where the RfD was the reference dose (mg/kg/day), SF was the slope factor ((mg/kg/day)™!), values of RfD and SF were shown in
Tables 4 and 5.

2.4. Pathogenic microbial health risk assessment

2.4.1. Hazard identification

The quantitative microbiological risk assessment (QMRA) model is a robust framework utilized to evaluate the magnitude of health
risks in populations exposed to pathogenic microorganisms across various environmental media [57]. The QMRA process is tradi-
tionally structured into four distinct stages as outlined by the National Research Council in 1983: pathogen identification, exposure
assessment, dose-response analysis, and risk characterization. In the context of this study, the pathogenic microbial health risk of
TPMDC anode compost was evaluated based on the QMRA model, and main pathogenic microorganisms selected by dose-response
relationships in the microbial risk assessment guideline-pathogenic microorganisms with focus on food and water [58]. The micro-
organisms under consideration included Escherichia_coli, Salmonella, Vibrio_cholerae, Legionella, and Shigella.

2.4.2. Exposure assessment

In this study, both occupational exposure and public exposure to pathogenic microorganisms were taken into account. The
occupational exposure pathways included carriers (transport vehicles, mechanical equipment, etc.), soil, and bioaerosols [59]. These
pathways are significant as they represent direct and frequent points of contact for workers in the field. Conversely, public exposure
pathways mainly included incidental soil and aerosol exposure, where the impact of pathogens in aerosols was negligible due to 100 m
away [60], therefore, incidental exposure to aerosols at the emission source is calculated.
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Table 6
The model parameters for quantitative health risk assessment of pathogenic microorganisms.

pathogenic microorganism name

Escherichia_coli Selenomonas Legionella Shigella Vibrio_cholerae
a 0.1778 0.1324 - 0.21 0.25
B 1780000 51.45 - 42.86 16.2
r 0.1778 0.1324 - 0.21 0.25

2.4.2.1. Exposure of germ-bearing objects. It was assumed that 0.1 g sludge per day contaminated the machineries and equipment, such
as trucks and solid fertilizer distributors, forming pathogen carriers. For a single exposure, without considering the inactivation of
pathogenic microorganisms on the carriers over time, and direct contact was main occupational exposure to sludge compost. Exposure
of germ-bearing objects was calculated as Eq (12).

fe=rcx ft (12)

where fc was the concentration of sludge compost on the carriers, CFU/day, rc was the concentration of pathogens in sludge compost,
CFU/g, ft was the amount of sludge compost transferred to the carriers, 0.1 g/day.

2.4.2.2. Exposure of contaminated soil. The level of pathogens in the soil after sludge compost amendment was considered only once
for exposure, and there was no need to calculate the decay with time, which was calculated as Eq (13).

sc=rcxdr 13)

where sc was the concentration of pathogens in the soil, CFU/g, dr was the soil dilution ratio, setting as 1.75 x 1073 (dry basis) [61].

2.4.2.3. Exposure to contaminated aerosols. At the sludge compost application site, pathogen microbial aerosolization rates were
estimated using a ratio of 1:1000, and the ratio was used to estimate the initial pathogen microbial aerosol concentration in the air at
the source of contamination. An empirical model [60] was used for the downwind pathogenic microbial aerosol transport model
assuming a wind speed of 2.2 m/s, as shown in equation (14):

ac =[(—0.0022 x dis) + 0.1849] x 16.6 (14)

where ac was aerosol pathogen concentration, CFU/m?, dis was windward distance from the source 2~100m.

2.4.2.4. Human exposure dose estimation. The equation for estimating the exposure dose for direct exposure to pollutants was shown in
equation (15).

d=ec x ft x hm x ds (15)
where d was the pathogen dose, CFU/day, ec was the pathogen concentration in each individual exposure route, CFU/g, ft was the
contaminant transfer rate to hand, hm was the contaminant transfer rate from hand to mouth, setting at 43 % and 36 %, respectively
[62]. ds was the exposure to each individual exposure route (occupational exposure dose was 0.48 g/day and public incidental

exposure was 0.05 g/day, which were estimated by USEPA, 1997) [63].
The exposure dose for aerosol exposure was estimated using the following Eq (16).

d=(ecxbrx t) x ag (16)

where br was the respiration rate, 0.83 m3/h, t was the exposure time (8 h per day for occupational exposure and 1 h per day for the
public), ag was 50 % aerosol uptake rate [64], d and ec had the same meaning as equation (15), and the results were shown in Fig. 7.

2.4.3. Dose-response model

Legionella obeyed the first-order exponential dose-response model and the rest obeyed the f-Poisson model, the calculation
equations according to Eq (17) and (18), and the values of a, 5, y were shown in Table 6.
2.4.3.1. p-Poisson model

d —a
i)

where P; was the probability of infection based on a single pathogen exposure, d was the pathogen dose as calculated in Eq (15) and
(16), a and g were the constant describing the dose-response curve.

2.4.3.2. First-order exponential dose-response model
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where P; was the probability of infection based on a single pathogen exposure, y was the probability of a single pathway capable of
causing disturbance, d was the pathogen dose (in equivalent doses) [58].

3. Results and discussions
3.1. Electricity production performance

The power generation characteristics of the TPMDC system during the whole operation were depicted in Fig. 2. The system
exhibited a prolonged and stable operation after a 4-days successful initiation period, sustaining a full voltage in excess of 0.7 V for a
continuous duration of 65 days. This result aligns with the findings reported by Cao et al. [65]. On the 45th day, the system achieved its
peak performance, with a full voltage of 0.893 V and a volumetric power density of 0.797 W/m?, reaching a maximum power density
of 1.910 W/m® when the internal resistance was measured at 104.7 Q (Fig. 2a). These results were significantly higher than those of
other solid-phase MFCs, such as plant-based, soil-based, and compost-based MFCs, with maximum voltages of 0.6, 0.52, and 0.75 V,
respectively, and maximum power densities of 0.37, 0.68, and 2.12 W/m?, respectively [33,66,67]. Furthermore, the TPMDC system
reached a full voltage of 0.508 V by the fourth day, which represents a shorter start-up time than the biocathode MFC with sewage
sludge as single substrate [68], This suggests that the organic matter present in kitchen waste is more readily accessible to electrogenic
microorganisms than that found in sludge. Consequently, the anode substrate conditioned with kitchen waste demonstrates superior
performance in terms of electricity generation.

3.2. Composting performance

Throughout the operational cycle, the change of the organic matter, EC, and the availability of nutrients in the anode substrate were
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meticulously studied, as illustrated in Fig. 3. Concurrently, the heavy metal forms (Fig. 4), seed germination (Fig. 3), and pathogen
abundance were integral to evaluating the composting performance of TPMDC system.

3.2.1. Degradation of organic matters

The long-term power generation of the TPMDC system benefited from continuous degradation of abundant organic matters in the
mixed anode substrate. The content of organic matters decreased from 54.93 % to 37.83 % over 90 days of operation, and a faster
degradation occurred during the first 30 days of operation with a removal rate of 13.67 %, and the removal rate of organic matters
reached 31.13 % at the end of operation, which was higher than that of 25.71 + 0.15 % in the MDC with single dewatered sludge as
anode substrate [43]. The final organic matter content in the anode compost could meet the requirement of higher than 10 % for soil
amendment.

3.2.2. Removal of salt

Based on the anode desalting function of TPMDC, EC in the anode substrate was reduced from 7.253 + 0.102 mS/cm to 5.073 =+
0.057 mS/cm, and the salt removal rate reached 30.02 £ 0.04 % at the end of operation. The persistent reduction in EC levels within
the anode substrate in TPMDC was fundamentally attributed to the operation of the concentration chamber, which facilitate the
migration of soluble cations from the anode substrate towards the concentration chamber, driven by the bioelectric field, effectively
accomplishing the goal of anode desalination. The EC of the anode substrate is a crucial determinant of the system’s internal resistance
and its capacity for power generation. Nonetheless, the introduction of kitchen waste, which is inherently rich in salts, resulted in a
markedly higher salt content in the anode substrate compared to that of dewatered sludge. Despite this, the elevated salt levels did not
substantially impair the system’s power generation capabilities and they did present challenges for the subsequent utilization of the
land. Throughout the operation, while the EC did not meet the standards for agricultural use (0.4-1 mS/cm), the process did reveal
distinct development potential in terms of desalination compared to the original mixture of dewatered sludge and kitchen waste.
Therefore, it is necessary to further improve the desalination performance of the anode substrate.

3.2.3. Release of available nutrients

The available nutrients in sludge mainly referred to plant essential nutrients, such as available nitrogen (N), phosphorus (P), and
potassium (K). During the degradation and mineralization processes of organic nitrogen and phosphorus within the mixed substrate,
there is a concomitant increase in the availability of these nutrients. The content of available nitrogen increased from 2102.11 + 37.02
mg/kg to 3389.45 + 53.09 mg/kg, and that of available phosphorus increased from 295.22 + 19.33 mg/kg to 557.13 + 12.35 mg/kg.
Notably, the concentration of available phosphorus was significantly lower than that of available nitrogen. The funding attributed to
differential mineralization rates and uptake mechanisms. The content of available potassium also increased from 1388.31 + 37.92 mg/
kg to 1988.37 + 39.02 mg/kg. The elevation of available potassium could be attributed to several key biological and chemical pro-
cesses occurring within the mixed matrix. The role of potassium-solubilizing bacteria is paramount, as these microbes enhance the
solubility of potassium through the secretion of organic acids and chelation, thereby increasing its availability to plants. Concurrently,
potassium ions could migrate through the cation exchange membrane to the concentration chambers under the influence of the
bioelectric field. This migration results in a relatively slow increase in potassium ion concentration during the later stages of operation.
The mineralization of nitrogen, phosphorus, and potassium in the anode substrate was similar to the effects of anaerobic digestion and
aerobic composting [69]. Consequently, TPMDC enhanced sludge degradation system could not only augments the availability of these
essential nutrients in dewatered sludge but also promotes its suitability for land use [70].

3.2.4. Reduced bioavailability of heavy metals
The alteration of heavy metal species in anode substrate serves as a pivotal indicator of compost quality. This study compared the
forms transformation of heavy metals and metalloid in the anode substrate, both prior to and subsequent to a 90-day period of
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microbial electrochemically enhanced composting (as depicted in Fig. 4). In this composting system, nine heavy metals or metalloids
(As, B, Cd, Cr, Cu, Hg, Ni, Pb, Zn) were identified, each present in four forms: acid-soluble, oxidizable, reducible, and residual states.
The aggregate quantity of each heavy metal or metalloid across these four forms was found to be largely consistent before and after the
composting operation. However, the residual state all increased except for Hg after 90 days of operation. This illustrated that the
bioavailability of heavy metals or metalloid was significantly reduced after the 90-day composting period. These results were
consistent with the study of sewage sludge high-temperature anaerobic digestion [71]. Especially, the bioavailability of Zn (reducible
state) was elevated after composting, but it still was far below the relevant standards for organic solid waste land use. Thus, the study’s
outcomes underscore that the dewatered sludge and kitchen waste mixture, when subjected to composting enhancement by the
TPMDC system, effectively mitigates the risk associated with heavy metal contamination.

3.2.5. Increased seed germination

Seed germination index was an important index to judge the maturity and plant toxicity of organic fertilizer. After 30 days of
microbial electrochemical compost, the seed germination index was close to 60 %, reaching the degree of basic maturity, and the seed
germination index was more than 70 % after 90 days. These results would be beneficial for the further land use of dewatered sludge and
kitchen waste mixed compost.

3.2.6. Decreased pathogen abundance

Based on the microbial metagenomic analysis, the total abundance of pathogenic microorganisms in the original dewatered sludge
was 1.248 %. After the addition of kitchen waste and TPMDC operation for 90 days, the total abundance of pathogenic microorganisms
in the anode substrate was 1.108 %, suggesting a reduction in the overall risk of pathogenic microorganisms. Especially, the abundance
of five pathogen species for risk prediction, Escherichia_coli, Salmonella, Vibrio_cholerae, Legionella, and Shigella were 0.012, 0.006,
0.001, 0.056, and 0.001 %, respectively.
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3.3. Health risk assessment of heavy metals and PAHs

Heavy metals and PAHs were recognized as persistent environmental pollutants. Composting could transform the valence and
forms of heavy metals [72,73], but did not reduce the total contents of heavy metals in the mixed compost substrate. Consequently,
health risk assessment of mixed compost land use was of particularly important. This study conducted an evaluation of the health risk
levels posed by soil heavy metals and PAHs following the land use of mixed compost for both adults and children. Table 2 showed the
concentrations of heavy metals and PAHs in the amended soil, by which the HQ, HI, CR, and TCR values for heavy metals and PAHs
were calculated by Eq (1) to Eq (11) for both adults and children, and the results were shown in Figs. 5 and 6.

Through ingestion exposure, the total HQj,g for heavy metals for adults and children reached up to 8.47 x 102 and 6.77 x 107},
respectively, wherein As and Cr were the dominant contributors. For both adults and children, As contributed 38.46 % and 40.39 %,
while Cr contributed 40.08 % and 37.58 %, respectively. The total HQj,; for PAHs for adults and children was up to 2.36 x 10~* and
1.89 x 10_3, respectively. Phenanthrene (Phe) was the major contributor to HQjng in both adults and children with 17.56 % and 37.93
%, respectively. In the case of dermal contact exposure, the total HQg, of heavy metals were 7.33 x 10> and 4.11 x 1072 for adults
and children, respectively. Cr was the biggest contributor to the total HQg,r, accounting for 82.81 % of the total HQg, of heavy metals
in adults, and the same phenomenon was observed in children. The total HQg,, of PAHs for adults and children were 1.88 x 107% and
1.06 x 107>, respectively. The biggest contributor to the total HQg,r remained the Phe with the same contribution rate of 37.93 % in
adults and children. For inhalation exposure, the HQ, for each heavy metal and PAH was respectively below 4.69 x 10~* and 1.74 x
1077 for both adults and children. From the above, the HQ values of children were always higher than that of adults in the three
exposure routes, hence it was necessary to pay more attentions to the risk assessment of children during the land use of mixed compost.
In addition, the total non-carcinogenic HI values for heavy metals and PAHs were all smaller than 1 in adults and children, with 9.29 x
10’2, 2.38 x 10~* and 7.19 x 10’1, 1.90 x 10’3, respectively. This indicated that there was no significant risk of non-carcinogenic
effects, wherein the proportion of HQ;;; was the highest, accounting for more than 90 %, indicating that ingestion was the over-
whelmingly dominant exposure route, which is consistent with previous research reports [17,18].
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The carcinogenic risks (CR) for four heavy metals (As, Cd, Cr, Ni, Pb) and six PAHs (BaA, Chr, BkF, BbF, IcdP, DahA) were indi-
vidually evaluated for adults and children, with the results presented in Fig. 6. The total TCR values for the three exposure routes for
adults and children were not exceeded the acceptable or tolerable risk level 10™*, with 4.51 x 107> and 6.89 x 10~>, respectively, and
the biggest TCR values was Cr with 3.81 x 107 in children. These fundings indicated that soil amendment with dewatered sludge and
kitchen waste mixed compost did not cause adverse health effects. Nonetheless, continuous vigilance is warranted due to the potential
for cumulative impacts. Additionally, under the three exposure routes, the CR through ingestion (CR;ng) was overwhelmingly domi-
nant, with the proportions of 86.06 % and 90.10 % in adults and children, respectively, and merits heightened attention.

3.4. Health risk assessment of pathogenic microorganisms

Dewatered sludge from wastewater treatment plants is often contained a large number of pathogenic microorganisms [20], and the
risk assessment of pathogenic microbial exposure during the land use of compost product was essential. This study employed a
dose-response model to evaluate the infectious probability of pathogenic microorganisms in both occupational and public exposure
scenarios, with the outcomes graphically represented in Fig. 8. In occupational exposure, the infectious probability was highest for
Legionella, registering a value of 1.00, while the lowest was observed for Escherichia_coli, with a significantly lower value of 3.39 x 10~°
among the five pathogens examined. In the public population exposure, the infectious probability of Legionella was 2.16 x 1071, and
that of Escherichia_coli was 8.67 x 10~%. These findings underscore a substantially higher risk of infection for occupationally exposed
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individuals compared to the general public. Occupational exposure was characterized by prolonged contact times, multiplicity of
exposure pathways, and potentially high concentrations of pathogens, culminating in a heightened risk of infection. However, this risk
could be reduced through the implementation of effective occupational health measures, such as the use of gloves and protective
masks. On the other hand, the characteristics of public exposure were brief exposure periods, infrequent contact, and lower pathogen
concentrations, resulting in a minimal risk of infection per encounter. Viable measures include avoiding their presence in the work site
during the mixed compost product application, which could reduce the direct exposure. Nonetheless, the risks identified in this study
are specific to the exposure scenarios examined and do not account for a multitude of unforeseen circumstances. Limitations arise from
an insufficient examination of pathogenic species, as well as unknown variables such as pathogen virulence, exposure frequency and
duration, and population immunity levels. Consequently, the study acknowledges its inherent limitations and calls for more
comprehensive research in the future to address these gaps.

4. Conclusions

This study demonstrated the feasibility of co-composting of dewatered sludge and kitchen waste enhanced by the TPMDC, as well as
an acceptable health risks associated with the land use of the compost products. Specifically, our results offered a viable means of
recovering electrical energy with a maximum full voltage was 0.893 + 0.005 V and a maximum volumetric power density was 0.797
+ 0.009 W/m?>. The organic matters and salinity in mixes composted substrate were removed by 31.13 % and by 30.02 + 0.04 %,
respectively. The content of available nutrients increased significantly, while the bioavailability of heavy metals reduced. The seed
germination index was improved significantly. The HI for heavy metals and PAHs in the amended soil was less than 1, indicating no
significant non-cancer health risks. The TCR for heavy metals and PAHs were also within the acceptable risk level, with a TCR value
less than 10~*. The risk values for the five pathogenic microorganisms examined were in the range of 8.67 x 108 to 1, confirming a
low risk of infection. This study, therefore, holds significant scientific and practical importance, contributing valuable insights into the
resourceful utilization of organic solid waste and advocating for the integration of microbial electrochemical systems in waste
management strategies.
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