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Preface

The past 75 years have seen the emergence of a growing desire worldwide that posi-
tive actions should be taken to restore and protect the environment from the degrad-
ing effects of all forms of pollution—air, water, soil, thermal, radioactive, and noise.
Since pollution is a direct or indirect consequence of waste, the seemingly idealistic
demand for “zero discharge” can be construed as an unrealistic demand for zero
waste. However, as long as waste continues to exist, we can only attempt to abate
the subsequent pollution by converting it to a less noxious form. Three major ques-
tions usually arise when a particular type of pollution has been identified: (1) How
serious are the environmental pollution and natural resources crisis? (2) Is the tech-
nology to abate them available? and (3) Do the costs of abatement justify the degree
of abatement achieved for environmental protection and natural resources conserva-
tion? This book is one of the volumes of the Handbook of Environmental Engineering
series. The principal intention of this series is to help readers formulate answers to
the above three questions.

The traditional approach of applying tried-and-true solutions to specific environ-
mental and natural resources problems has been a major contributing factor to the
success of environmental engineering and has accounted in large measure for the
establishment of a “methodology of pollution control.” However, the realization of
the ever-increasing complexity and interrelated nature of current environmental
problems renders it imperative that intelligent planning of pollution abatement sys-
tems be undertaken. Prerequisite to such planning is an understanding of the perfor-
mance, potential, and limitations of the various methods of environmental protection
available for environmental scientists and engineers. In this series of handbooks, we
will review at a tutorial level a broad spectrum of engineering systems (natural envi-
ronment, processes, operations, and methods) currently being utilized, or of poten-
tial utility, for pollution abatement, environmental protection, and natural resources
conservation. We believe that the unified interdisciplinary approach presented in
these handbooks is a logical step in the evolution of environmental engineering.

Treatment of the various engineering systems presented will show how an engi-
neering formulation of the subject flows naturally from the fundamental principles
and theories of chemistry, microbiology, physics, and mathematics. This emphasis
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on fundamental science recognizes that engineering practice has in recent years
become more firmly based on scientific principles rather than on its earlier depen-
dency on empirical accumulation of facts. It is not intended, though, to neglect
empiricism where such data lead quickly to the most economic design; certain engi-
neering systems are not readily amenable to fundamental scientific analysis, and in
these instances we have resorted to less science in favor of more art and empiricism.

Since an environmental natural resources engineer must understand science
within the context of applications, we first present the development of the scientific
basis of a particular subject, followed by exposition of the pertinent design concepts
and operations, and detailed explanations of their applications to natural resources
conservation or environmental protection. Throughout the series, methods of math-
ematical modeling, system analysis, practical design, and calculation are illustrated
by numerical examples. These examples clearly demonstrate how organized, ana-
lytical reasoning leads to the most direct and clear solutions. Wherever possible,
pertinent cost data or models have been provided.

Our treatment of environmental natural resources engineering is offered in the
belief that the trained engineer should more firmly understand fundamental princi-
ples, be more aware of the similarities and/or differences among many of the engi-
neering systems, and exhibit greater flexibility and originality in the definition and
innovative solution of environmental system problems. In short, the environmental
and natural resources engineers should by conviction and practice be more readily
adaptable to change and progress.

Coverage of the unusually broad field of environmental natural resources engi-
neering has demanded an expertise that could only be provided through multiple
authorships. Each author (or group of authors) was permitted to employ, within
reasonable limits, the customary personal style in organizing and presenting a par-
ticular subject area; consequently, it has been difficult to treat all subject materials
in a homogeneous manner. Moreover, owing to limitations of space, some of the
authors’ favored topics could not be treated in great detail, and many less important
topics had to be merely mentioned or commented on briefly. All authors have pro-
vided an excellent list of references at the end of each chapter for the benefit of
interested readers. As each chapter is meant to be self-contained, some mild repeti-
tion among the various texts was unavoidable. In each case, all omissions or repeti-
tions are the responsibility of the editors and not the individual authors. With the
current trend toward metrication, the question of using a consistent system of units
has been a problem. Wherever possible, the authors have used the British system
(fps) along with the metric equivalent (mks, cgs, or SIU) or vice versa. The editors
sincerely hope that this redundancy of units’ usage will prove to be useful rather
than being disruptive to the reader.

The goals of the Handbook of Environmental Engineering series are: (1) to cover
entire environmental fields, including air and noise pollution control, solid waste
processing and resource recovery, physicochemical treatment processes, biological
treatment processes, biotechnology, biosolids management, flotation technology,
membrane technology, desalination technology, water resources, natural control
processes, radioactive waste disposal, hazardous waste management, and thermal
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pollution control; and (2) to employ a multimedia approach to environmental con-
servation and protection since air, water, soil, and energy are all interrelated.

This book (Volume 22) and its three sister books (Volumes 17, 19, and 20) of the
Handbook of Environmental Engineering series have been designed to serve as a
natural resources engineering reference books as well as supplemental textbooks.
We hope and expect they will prove of equal high value to advanced undergraduate
and graduate students, to designers of natural resources systems, and to scientists
and researchers. The editors welcome comments from readers in all of these catego-
ries. It is our hope that the four natural resources engineering books will not only
provide information on natural resources engineering, but will also serve as a basis
for advanced study or specialized investigation of the theory and analysis of various
natural resources systems.

This book, Integrated Natural Resources Research, Volume 22, covers the topics
on Fenton oxidation and biological activated carbon treatment for recycling biotreated
coking plant wastewater; composting for food processing wastes; treatment of waste-
waters from chemical industries; agricultural waste as a low-cost adsorbent; waste
vegetable oils, fats, and cooking oils in biodiesel production; physicochemical treat-
ment consisting of chemical coagulation, precipitation, sedimentation, and flotation;
water quality control of tidal rivers and estuaries; first wave of flotation technology
evolution; once the world’s largest DAF-filtration plant; hydroelectric facility; cat-
ionic surfactant analysis with good laboratory practice and waste management; treat-
ment of laundry wastewater by physicochemical processes including flotation; book
review; and glossary of water quality, treatment, and recovery.

This book’s first sister book, Natural Resources and Control Processes, Volume
17, covers the topics on the management of agricultural livestock wastes for water
resources protection; application of natural processes for environmental protection;
proper deep well waste disposal; treating and managing industrial dye wastes;
health effects and control of toxic lead in the environment; municipal and industrial
wastewater treatment using plastic trickling filters for BOD and nutrient removal;
chloride removal for recycling fly ash from municipal solid waste incinerator; recent
evaluation of early radioactive disposal and management practice; recent trends in
the evaluation of cementitious material in radioactive waste disposal; extensive
monitoring system of sediment transport for reservoir sediment management; and
land and energy resources engineering glossary.

This book’s second sister book, Environmental and Natural Resources
Engineering, Volume 19, covers the topics on understanding, conservation, and pro-
tection of precious natural resources—bees; waste reclamation for reuse; biological
processes for water resources protection and water reuse; removal of endocrine dis-
ruptors for environmental protection; cooling and reuse of thermal discharges; basic
hydrology, water resources, and DAF boat plant for lake restoration; cadmium
detoxification by sintering with ceramic matrices; treatment of vegetable oil refin-
ing wastes; environmental engineering education; environmental control of pests
and vectors; new book reviews; and glossary of environmental and natural resources
engineering.
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This book’s third sister book, Integrated Natural Resources Management, Volume
20, covers the topics on the effect of global warming and climate change on glaciers
and salmons; village-driven latrines with “engineers without borders—USA”; sur-
face water quality analysis; treatment of electrical and electronic components man-
ufacturing wastes; geographic information systems and remote sensing applications
in environmental and water resources; investigation and management of water
losses from wet infrastructure; lake restoration and acidic water control; biohydro-
gen production through mixed culture dark anaerobic fermentation of industrial
waste; agricultural wastes-derived adsorbents for decontamination of heavy metals;
removal of heavy metal ions using magnetic materials; and biohydrogen production
from lignocellulosic biomass by extremely halotolerant bacterial communities from
a salt pan and salt damaged soil.

The editors are pleased to acknowledge the encouragement and support received
from Mr. Aaron Schiller, Executive Editor of the Springer Nature Switzerland, and
his colleagues, during the conceptual stages of this endeavor. We wish to thank the
contributing authors for their time and effort and for having patiently borne our
reviews and numerous queries and comments. We are very grateful to our respective
families for their patience and understanding during some rather trying times.

Newtonville, NY/Lenox, MA, USA Lawrence K. Wang
Newtonville, NY/Lenox, MA, USA Mu-Hao Sung Wang
Cleveland, OH, USA Yung-Tse Hung
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Abstract Fenton oxidation, coagulation/flocculation/sedimendation plus Fenton
oxidation, and Fenton oxidation plus activated carbon adsorption were conducted to
develop the effective processes for recycling a biologically treated coking plant
effluent. Fenton oxidation enhanced adsorptive capacities of activated carbon for
the residual organics and also made them more biodegradable. The Fenton oxida-
tion followed by adsorption and biodegradation in a biological activated carbon
(BAC) adsorber was the most cost-effective treatment process to recycle the final
effluent for in-plant reuses while meeting the much more stringent discharge limits
of the future. Batch experiments were also conducted to determine the effects of
copper-loading and fixing methods on the capacity of granular activated carbon
(GAC) for removing cyanide from KCN (pH = 11), K3Fe(CN)¢ solutions and sev-
eral Shanghai Coking Plant (SCP) effluent samples. KI-fixed carbon (Cu/KI-GAC)
was the best GAC samples tested. Adsorption was the primary mechanism of cya-
nide removal; catalytic oxidation of the adsorbed cyanide on carbon surface contrib-
uted a minor amount of the observed removal. Four small adsorbers containing the
base GAC and 0-100% of Cu/KI-GAC were employed for treating a Fenton-
oxidized/precipitated SCP effluent sample. After the start-up period (<3 weeks) to
establish the effective BAC function in the adsorbers, the effluents became stable
and met the discharge limits (COD¢, < 50 mg/L and TCN < 0.5 mg/L); with >30%
Cu/KI-GAC in the adsorber, the effluent would meet the discharge limits during the
start-up phase. The BAC function of the adsorber substantially reduced the carbon
replacement cost, making the combined Fenton oxidation and BAC treatment pro-
cess a cost-effective alternative for recycling the biotreated coking plant effluent.

Keywords Cyanide-containing coking wastewater - Fenton oxidation - Carbon
adsorption - BAC - Copper-loaded GAC

Abbreviations

BAC Biological activated carbon

CFC  Coagulation flocculation and sedimentation
DO Dissolved oxygen

GAC  Granular activated carbon

POP  Persistent organic pollutants

SCP  Shanghai coking plant

SMP  Soluble microbial products
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1 Introduction

1.1 Coking Plant Wastewater

A typical coking plant wastewater contains a wide variety of organic contaminants
from coking, coal gasification, many other production and maintenance operations;
some of the contaminants are present in high concentrations and/or are not removed
by the conventional biological wastewater treatment processes. In China today,
most existing chemical industry wastewater treatment plants are hard pressed to
meet increasingly more stringent effluent discharge limits. There is also an urgent
need to recycle well-treated effluents for many beneficial reuse purposes. Relative
to more highly developed countries, a much smaller fraction of industrial effluents
is being recycled and/or reused [1]. Development of innovative cost-effective pro-
cesses for recycling chemical plant effluents is essential to ensure a sustainable
development in China.

Shanghai Coking Plant (SCP) is one of the largest chemical plants in the city
with capacities to produce 3.2 million m*/a of manufactured gas, 1.9 million ton/a
of coke, 350,000 ton/a of methanol, and more than 100 additional products. About
7000 m?/day of wastewater from chemical production, cleaning, washing and other
operations is treated in the anaerobic and aerobic biofilm reactors as depicted in
Fig. 1.1. Because the wastewater composition is highly variable and many of its
many organic constituents are not readily biodegradable, the biotreated SCP efflu-
ent often does not meet the existing discharge limits for residual organic constitu-
ents and total cyanide (COD¢, < 50 mg/L and TCN < 0.5 mg/L) [2]. Cost-effective
post treatment of the SCP effluent is desired to produce a final effluent that may not
only be directly discharged but also can be recycled for many in-plant reuse
functions.

1.2 Treatment Processes for Coking Plant Wastewater

Granular activated carbon (GAC) is commonly employed for removing persistent
organic pollutants (POPs) of biologically treated chemical plant effluents [3, 4].
Fenton oxidation is highly effective for breaking up large organic molecules and has
thus become a popular pretreatment step to improve biodegradability of organic
constituents of biotreated effluent consisting of relatively small amounts of POPs,
large amounts of metabolic intermediates and soluble microbial products (SMPs)

| | | fre ][ o || -

Fig. 1.1 Flow diagram of the coking wastewater treatment plant
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[5-7]. The Fenton reactions are dependent on the highly reactive ‘OH radicals
according to the following mechanisms [8]:

Fe** +H,0, — Fe’* +OH + OH~ (1.1
Fe’" +H,0, — Fe’* +O0H +H" (1.2)
‘OH+H,0, - HO,-+H,0 (1.3)
-OH +Fe** — Fe*™* + OH™ (1.4)
‘OOH +H,0, - 0, +H,0+0H (1.5)
RH +OH — R-+H,0 (1.6)
R-+0, — ROO-— CO, +H,0 (1.7)

The Fe** produced in the Fenton oxidation is a powerful coagulant for removing
high-molecular-weight constituents of the feed by adsorption on the new Fe(OH);
flocs formed at a neutral pH [9]. Combining Fenton oxidation with coagulation-
flocculation-sedimentation (CFS) and/or carbon adsorption are attractive for
advanced treatment for recycling coking plant effluents.

Alkaline chlorination, ozonization, and wet-air oxidation are chemical oxidation
methods effective for treating cyanide-containing wastewater [10, 11]. The high
degree of chlorination required to meet the effluent objectives often requires exces-
sive doses of caustic and chlorine or sodium hypochlorite [12] which, in addition to
the need for neutralization, would create a safety concern due to the large amounts
of residual chemicals and by products [13]. Ozonization is expensive because it is
not selective, while wet-air oxidation is only a viable alternative for small-scale
applications because of the high temperature and pressure requirements. Other
reported treatment methods, such as Caro’s acid, copper-catalyzed hydrogen perox-
ide, electrolytic oxidation, ion exchange, acidification, AVR (acidification, volatil-
ization, and re-neutralization) process, lime-sulfur, reverse osmosis, thermal
hydrolysis, and INCO process (by SO»/air) [10, 11, 14, 15] are either too costly or
unable to produce an effluent that would meet the discharge limits on both cyanide
and organic.

Depending on the influent composition and season of the year, the SCP effluent
contains variable concentrations COD¢, (100-200 mg/L) and TCN (0.5-7 mg/L) of
complex cyanides since any free cyanide would have been stripped by aeration (pKa
of HCN =9.3). Granular activated carbon (GAC) adsorption has been employed for
removing both free and complex cyanides present in many industrial wastewaters
and that its adsorptive capacities for Cu(CN),>~ were much greater than for CN-
[16, 17]. Activated carbon functioned both as an adsorbent and as a carrier of
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catalyst for cyanide oxidation [18-21]. In the presence of dissolved oxygen (DO),
the adsorbed cyanide may be oxidized to CNO~ (Eq. 1.8), which was hydrolyzed to
NH," (Eq. 1.9); further oxidation of CNO~ to form N, (Eq. 1.10) is not expected
since about the same total nitrogen concentrations were found in an SCP effluent
before and after the copper/sulfite catalyzed oxidation treatment [22]:

CN™ +0.50, - CNO~ (1.8)
CNO™ +2H,0" - CO, +NH, +H,0 (1.9)
2CNO™ +1.50, +H,0 - N, +2CO, +20H" (1.10)

Fenton oxidation (Fe?*-catalyzed oxidation by H,0,) is effective for breaking up
large organic molecules and complex cyanides of the SCP effluent [6, 23, 24] mak-
ing it possible for their long-term removal in GAC adsorbers, which in effect func-
tion as biological activated carbon (BAC) systems, capable of removing both
residual organic (COD and UV,s;) and TCN, in the SCP effluent [25]. Recently,
Dash has found the BAC process is more effective than adsorption and biodegrada-
tion alone for removing iron cyanide in batch reactors [26].

Loading a transitional metal, such as copper and silver, on the GAC has improved
its adsorptive capacity for cyanide due to chemisorption resulting from the interac-
tion between complex ions and the surface groups of GAC and the catalytic oxida-
tion of cyanide by adsorbed oxygen with metal compounds adsorbed on carbon
surface as the catalyst [27-29]. To further improve the capacity of Fenton-BAC
system in removing TCN, metal impregnation (loading) of GAC was investigated in
this study.

2 Materials and Methods

2.1 Chemicals and Activated Carbons

Since K;Fe(CN)y is likely the major TCN constituent of a coking plant effluent [30],
it was employed to prepare the test solutions and also to maintain a desired TCN
concentration of the SCP effluent in the long-term treatment runs. Several batches
of SCP effluent samples (pH = 6-7, COD¢, = 100-150 mg/L, TCN = 1.0-6.5 mg/L)
were brought in from the plant during the study period and employed as the feed to
the carbon adsorbers after pretreatment by coagulation/flocculation using polymeric
ferric sulfate (Fe** = 58 mg/L at pH = 7.0 maintained by NaOH) or Fenton
oxidation/precipitation using hydrogen peroxide, FeSO, and NaOH solutions (oxi-
dation: Fe** = 56 mg/L, H,0, = 27.2 mg/L, followed by neutralization with NaOH
to pH =7.0).
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Commercial polymeric ferric sulfate (PFS, Fe** 19% by weight) was dissolved,
and the solution (20 g/L) was employed as the coagulant. FeSO, solution (6 g/L,
FeS0,-7H,0) and hydrogen peroxide (30% H,0,) were employed as the Fenton
reagents. All other chemicals employed for pH adjustment and analytical measure-
ments were reagent grades. Three fresh GACs made from coal, apricot nut and
walnut (fruit) shell, and coconut shell, and a spent coconut carbon after 1 year of
dechlorination service were employed in the study. All GAC samples were provided
by Shanghai Activated Carbon Co.

Cyanide removal effectiveness of 11 different activated carbons was compared in
the batch treatment runs. The activated carbon samples included base coal activated
carbon (Coal) and ten metal-loaded activated carbons of which 7 were prepared in
the lab: Ag-GAC-1 (1.62% Ag), Ni-GAC (0.89% Ni), Fe-GAC (0.84% Fe),
Cu-GAC-1 (0.96% Cu) and 3 Cu loaded and fixed carbon: Cu/NaHCO;-GAC, Cu/
Na,CO;-GAC, Cu/KI-GAC-1, and 3 others provided by Shanghai Activated Carbon
Co.: Ag-GAC (0.1% Ag), Cu-GAC (3.1% Cu) and Cu/KI-GAC (3.1% Cu and fixed
by KI). The home-made metal loaded carbons were prepared by mixing a fixed
amount of Coal with an aliquot of metal sulfate/nitrate solution enough to cover the
carbon and then drying the mixture in an oven (at 105 °C) to remove the water. Cu/
KI-GAC was prepared by mixing Cu-GAC with KI solution and then dried; NaHCO;
and Na,CO; solutions were employed in place of KI for preparing the other two Cu
fixed carbons. All carbon samples were crushed using a coffee grinder, sieved for
the proper size fractions, washed, dried, and stored before the test.

2.2 Coagulation Flocculation and Sedimentation
(CFS) Experiments

The use of PES as the coagulant and the CFS treatment procedure were established
in a side-by-side study [31]. Two hundred milliliter of the biotreated coking plant
effluent was poured to series of 500-mL glass beakers; a fixed volume of the PFS
stock solution (10% of the commercial grade) was added to each beaker. The beaker
content was mixed rapidly (200 rpm) for 1 min and then slowly (20 rpm) for 30 min;
pH was kept at 7.0 using 1 M NaOH. The supernatant after 3 h of settling was the
CFS-treated effluent sample.

2.3 Fenton Oxidation Experiments: Effects of pH
and Chemical Doses

Two hundred milliliters of the biotreated coking plant effluent was poured to series
of 500-mL glass beakers; a fixed volume of each reagent solution (FeSO, and H,0,)
was added to every beaker under moderate mixing (50 rpm); pH was adjusted to the
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test level using 1 M NaOH. After 20 min of reaction, the pH was adjusted back to
7, and the mixing was continued at a reduced speed (20 rpm) for another 10 min to
achieve good flocculation of the newly formed Fe(OH); precipitates before stop-
ping. The supernatant after 3 h of settling was taken as the Fenton-oxidized effluent
sample. The Fenton oxidation pretreatment runs were performed using a 4-L or
larger glass beaker to produce more samples for the adsorption capacity and column
breakthrough experiments.

2.4 DO Decay Experiments: Effect of Fenton Oxidation
on Biodegradability of the Residual Organics

A mixed liquor sample of the coking plant’s aerobic biofilm reactor was washed and
then aerated in dechlorinated tap water for 24 h; the settled sludge was transferred
to 1 L of Fenton-oxidized effluent for 48 h of acclimation. The DO decay experi-
ments were conducted using water/effluent samples after they were aerated for
10 min to raise their DOs to near-saturation levels and supplemented with a fixed
amount of the acclimated sludge (250 mL with 50 mg/L of sludge); the DO of each
sample was monitored for biodegradability assessment.

2.5 Carbon Adsorptive Capacity Experiments: Capacity
Indicators and Freundlich Isotherms

The batch adsorption isotherm experiments were performed to determine the four
adsorptive capacity indicators of the activated carbon samples and their effective-
ness in removing the organic constituents, measured as COD, UV,s, (for aromatic
organic compounds) and VISsg, (for color ingredients), and total cyanide of the
effluent samples. The detailed procedures are described in a related paper [32].

2.6 BAC Treatability Study: GAC Presaturation
and Inoculation of the Carbon Columns

About 15 g of the GAC sample was placed in a 4-L beaker containing 3 L of Fenton-
oxidized effluent sample under moderate mixing. After several hours of contact to
allow adsorption of the residual organic and cyanide constituents, the mixing was
stopped for replacement of the liquid with another volume of Fenton-treated efflu-
ent; the liquid exchange continued many times until there were no significant
changes in concentrations of the organics and cyanide. The presaturated carbon was
filled in a small glass column, which was then inoculated with the supernatant of the
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acclimated sludge employed in the DO decay experiments after further acclimation
with more of the Fenton-oxidized effluent in a 4-L beaker. The inoculation was
conducted for 24 h to allow retention of the acclimated bacteria on the four columns
(Col. A-D of Table 1.5), while the fifth column was filled new coal carbon and oper-
ated without inoculation. To simulate the full-scale adsorption treatment, the five
columns were in the upflow manner at an empty bed contact time (EBCT) of 40 min.
The BAC treatability study was conduct to verify the BAC functions in the adsorb-
ers and to compare the BAC treatment effectiveness of different GACs.

2.7 Batch Experiments of Cyanide Removal

Five series of batch experiments were conducted to determine the effects of metal
loading, the metal-fixing method, contact time and DO on the removal of free and
complex cyanides by adsorption and/or catalytic oxidation on carbon surface. A
series of six 40-mL glass bottles were filled with 20-100 mg of pulverized
(45-75 pm) carbon and the cyanide-containing sample; the bottles were then capped
with no headspace and mixed in a rotating drum for 1-6 h. The amount of cyanide
removed was calculated for each test sample: X/M (mg/g) = (Cy — Cy) x V/im, where
Cy: the initial cyanide concentration (mg/L), Cy: the residual cyanide concentration
(mg/L), V: sample volume (0.04 L), and m: carbon weight (g). The pairs of X/M &
C; were correlated by the Freundlich adsorption isotherm model: X/M = k C¢"". The
experimental data and the model best fit straight lines were plotted as the isotherms
in log-log scale [32, 33].

2.8 Continuous-Flow Carbon Column
Breakthrough Experiments

Three series of continuous-flow carbon column breakthrough experiments were
conducted for removing TCN from K;Fe(CN)s solution, coagulated/precipitated
SCP effluent, and Fenton-oxidized/precipitated SCP effluent samples. The break-
through experiments employed both the conventional method (using 10-13 g of
un-sieved carbon) and the efficient MCRB (0.5 g of 80—120 pm carbon) to verify
the TCN removal capacities of Coal and Cu/KI-GAC, to confirm the effectiveness
of the MCRB technique, and to obtain long-term treatment performance of the
small Coal column in removing TCN from the SCP effluent. The MCRB method is
described in earlier papers [34, 35].
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3 Development of the Effective Treatment Process

3.1 Feasibility Study Employing Coagulation and Flocculation

Results of previous experiments showed that the coagulation and flocculation treat-
ment employing 2 min of high-speed mixing (200 rpm) followed by 30 min of low-
speed mixing (20 rpm) was most effective for removing organic constituents of the
effluent. Although the coagulation and flocculation treatment was capable of pro-
ducing an effluent with a COD of <50 mg/L (Table 1.1) required for recycling as a
cooling water make-up, the treatment, even at a much higher dose of Fe*, was
unable to lower the total cyanide concentration below the present discharge limit of
0.5 mg/L as shown in Fig. 1.2.

Table 1.1 Results of CFS, Fenton oxidation, and CFS + Fenton oxidation for pretreating a coking
plant effluent sample*

Raw sample | CFS Fenton oxidation CFS + Fenton
UV,s, (abs) 1.789 0.983 0.888 0.503
VISsg (abs) 0.411 0.152 0.174 0.098
COD (mg/L) 88.9 49.0 48.8 35.7
Total cyanide (mg/L) 5.07 1.131 0.236 0.13

“Average chemical doses of multiple test runs. CFS: PFS (Fe** = 57 mg/L), Fenton.Oxidation:
(Fe?* = 56 mg/L and H,0, = 27.2 mg/L), and CFS + Fenton: PFS (Fe* = 57 mg/L) followed by
Fe?* = 28 mg/L and H,0, = 13.6 mg/L

total cyanide(mg/L)
o w

—
T

0 L 1 L 1 1

4 6 8 10
PFS dose (m1/200m1)

Fig. 1.2 Effect of PFS dose on the residual total cyanide after coagulation and flocculation
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3.2 Feasibility Study Employing Fenton Oxidation

The effectiveness of Fenton oxidation is pH dependent as illustrated in Egs. (1.1)
and (1.2). The production of active radicals would be inhibited at a pH lower [36] or
higher [37] than the optimum. The basic pH also would reduce the effectiveness of
Fe?* as a catalyst [38]. Figure 1.3 presents the effect of pH adjustment on removal
of organic constituents, as measured by COD, UV,s,, and VISsg, by Fenton oxida-
tion of the raw coking plant effluent. Therefore, in the subsequent study, Fenton
oxidation was performed directly on the raw effluent without pH adjustment as its
pH (6.8-7.0) was very close to the best initial pH. The actual oxidation took place
at an acidic pH of about 3.0-5.0 after the desired amount of FeSO, solution was
added. The results were consistent with the literature report that an acidic pH 2—4
was preferred for Fenton oxidation [39].

The organic removal increased with the amounts of Fenton reagents (H,O, and
FeSO,, Figs. 1.4 and 1.5). A much larger-than-desired dose of H,O, would consume
*OH (Eq. 1.3) reducing the oxidation potential [40], while too much Fe?* also con-
sumes *OH (Eq. 1.4) to form Fe**, which would result in excessive amount of sludge
after neutralization. Based on the results of many test runs and considering the cost
of chemicals and sludge disposal [41], 27.2 mg/L of H,0, and 56 mg Fe*/L were
selected for treating the biotreated coking plant effluent samples.

H,0, may oxidize both free and complex cyanide stepwise to CNO~ [42] and
finally to N, [43]. Most of the total cyanide present in the coking plant effluent was
removed in 20 min by the Fenton oxidation; the total cyanide concentration was
easily reduced <0.5 mg/L using a range of H,0O, doses as shown in Fig. 1.6.

80
Sall
=
3
20
g
2
g
@0 B —e—UV 254
—— VIS 380
—M—CoD
0 1 1 1 1
2 4 gH 8 10

Fig. 1.3 Effect of pH adjustment on organic removal by Fenton oxidation
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Fig. 1.6 Effect of H,O, dose on the residual total cyanide after Fenton oxidation
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Results of multiple treatment runs, employing CES, Fenton oxidation, and CFS
followed by a polishing Fenton oxidation step, performed on a biotreated coking
plant sample are summarized in Table 1.1. Both the optimized Fenton oxidation and
the CFS plus the polishing Fenton oxidation at much reduced chemical doses
achieved the objectives of <50 mg/L of COD and <0.5 mg/L required for reusing the
final effluent as cooling water make-up water; at about the same treatment cost, the
latter alternative (CFS + Fenton) is the preferred simple solution to produce a
directly dischargeable effluent since the simple Fenton was unable to do so when
the raw effluent sample quality was much worse as illustrated in the example of the
treatability study.

3.3 Effect of Fenton Oxidation on Biodegradability of Residual
Organic Constituents

Figure 1.7 depicts the DO decay curves for the raw and Fenton-oxidized coking
plant effluents and the dechlorinated tap water after they were first aerated to raise
the DOs. The data have demonstrated that some organic ingredients of the raw
coking plant effluent were slowly biodegraded [44] and that Fenton treatment made
the residual organics more biodegradable. Continued acclimation of the bacteria in
the seeding solution was demonstrated by the higher oxygen utilization rates of the
Fenton-oxidized samples of more aeration.

7 Qraw
6 + © Fenton (Brst acration)
AFenton (second aeration)
+++ %A s @Fenton (third asration)

5 0 +‘|'+ % ~ etapwater respiration
a . |a +4 ++ A %
£ o ... <
Q3 o """+4At+
= ® g +++.|. “

’ o g b TS

m] o % ® ++++-[—_|_
1 Xy O A
a o A
0 . M_UAQELQ_BAAM .
0 100 200 300 400 500 600
Time (min)

Fig. 1.7 DO decay curves for the raw and Fenton-oxidized coking plant effluents and tapwater
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3.4 Feasibility Study Employing Carbon Adsorption (GAC,
CFS + GAC, and Fenton + GAC)

Activated carbon’s BET surface area and pore volume for pore diameters of <10,
10-15, 15-28, and >28 A are properly disclosed by its phenol, iodine, methylene
blue, and tannic acid numbers [33]. Table 1.2 data show that the four carbons had
highly different adsorptive properties; Coconut carbon was effective for removing
small size pollutants but ineffective for removing large adsorbates that Coal and
Fruit carbons were effective for removing water pollutants of all sizes and that the
spent Coconut carbon had the lowest capacities of all. The adsorptive capacities of
the lower cost coal carbon for the organic constituents of the raw, CFS-treated, and
the Fenton-oxidized effluent samples were represented by the Freundlich isotherms
as summarized in Table 1.3. To allow a fair estimate of the coal carbon’s capacity
for total cyanide, the removal capacities vs. residual cyanide data for four series of
experiments (1- and 2-h of contact with 10 m/L solutions of free cyanide and Fe
complexed cyanide) were plotted as the Freundlich isotherms (Fig. 1.8). The
isotherm-based requirements for the coal carbon are listed in Table 1.4 in which the

Table 1.2 Adsorptive properties of the activated carbon samples

Methylene
Activated carbon Phenol no. Iodine no. blue no. Tannic acid no.
Coal 81 1114 313 423
Coconut 126 1154 303 16.7
Fruit 111 1033 307 105.0
Spent coconut 67.0 837 <150 8.2

(a) mg of phenol adsorbed by 1 g of carbon at an equilibrium phenol conc. of 20 mg/L

(b) mg of iodine adsorbed by 1 g of carbon in at an equilibrium iodine conc. of 0.02 N

(c) mg of methylene blue adsorbed by 1 g of carbon at an equilibrium methylene blue conc.
of 1 mg/L

(d) mg of tannic acid adsorbed by 1 g of carbon in at an equilibrium tannic acid conc. of 2 mg/L

Table 1.3 Freundlich isotherm parameters for the coal carbon

Effluent sample | Organic K* 1/n* R*®
Raw effluent UVas, 2.563 1.194 0.9905
VISsg0 1.727 0.976 0.9738
COD 0.065 1.873 0.9950
CFS-treated UVas, 7.422 0.979 0.9776
effluent VS35 7.292 1.058 0.9685
COD 0.309 1.792 0.9868
Fenton oxidized | UV,s4 6.420 0.938 0.9996
V1S3 8.734 0.994 0.9739
COD 0.002 3.252 0.9862

X/M (mgl/g) = K Ci'"
R? correlation coefficient
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Fig. 1.8 Adsorption isotherms of free and complex cyanide for the coal carbon
Table 1.4 Isotherm-based requirements for the coal carbon
Contaminants Effluent C,2 GAC
UV.,s,4 (abs) Raw 1.723 0.35
CFS 0.983 0.20
Fenton 0.888 0.15
VISsg (abs) Raw 0411 0.57
CFS 0.152 0.15
Fenton 0.174 0.11
COD (mg/L) Raw 88.9 0.29
CFS 49.0 0.15
Fenton 48.8 0.07
Total cyanide (mg/L) Raw 5.03 1.30
CFS 1.13 0.78
Fenton 0.236 0.398

4C;, feed concentration
hGAC(g/L)zCin /(X/M)C R (X/M)C : the capacity at C,; for organics, use Table 1.2 iso-
therms; for CN, use CN in K;Fe(CN),, X/M (mg/g) = 1.346 C*5% (R? = 0.949)

coal carbon’s capacity for total cyanide was its 2-h isotherm of CN in the K;Fe(CN),4
solution. In addition to having accomplished the removals of organics and total
cyanide, the Fenton oxidization made the residual organics more highly adsorbed
on activated carbon as evidenced by the greater reduction in carbon requirements
than the corresponding concentration reductions.
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3.5 BAC Treatability Study

Five small carbon columns were operated at the same time for 70 days treating H,O,
supplemented (40 mg/L) Fenton-oxidized effluent; four columns filled with presat-
urated carbons were inoculated with the acclimated bacteria originated from the
coking plant’s aerobic biofilm reactor, while the fifth column filled with new Coal
carbon was not inoculated. The operating conditions and the treatment performance
are summarized in Table 1.5. The column performance data for removing organic
constituents and total cyanide of the feed are depicted in Figs. 1.9, 1.10, 1.11, and
1.12. Immediate breakthrough of organic constituents, measured as, UV s, (Fig. 1.9),
VIS3g (Fig. 1.10) and COD (Fig. 1.11), and total cyanide (Fig. 1.12) was observed
in the effluents of Col. A-D since the presaturated carbons had virtually no adsorp-
tive capacities available at the start up; the effluent concentrations began to decline,
as the inoculated acclimated bacteria started to grow actively, until they stabilized at
steady low values in about 30 days. The data for the new carbon column without
inoculation (Col. E) show almost total removal of the organics and total cyanide
initially and their increasing presence in the effluent as breakthrough occurred; bac-
teria present in the feed were retained in the column and began to grow resulting in
the stable effluent in 35-40 days when it also functioned as a BAC adsorber.

Table 1.5 Summary of the BAC treatment performance. EBCT = 40 min, run time = 70 day; Col.
A-D were inoculated® columns charged with presaturated carbons®. Feed: H,O, (40 mg/L)
supplemented Fenton-oxidized coking plant effluent, COD = 68 mg/L, UV,5, = 1.08, VIS35=0.217
abs, CN = (.75 abs. Total amount fed: COD = 5480 mg, UV,s5, = 87.3 abs-L, VIS5, = 17.0 abs-L,
total CN = 60.5 mg

Amount removed® Total capacity® Removal® Capacity utilization®
Carbon/ COD/UV,54/VIS35/ | COD/UV,54/VIS350/ | COD/UV 54/ VIS 50/ COD/UV,54/VISs50/
No. | weight (g) | CN (mg or abs-L) CN (mg or abs-L) CN (%) CN (%)
A | Fruit, 14.1 | 2840/41.1/8.37/ 51.9/47.0/49.2/—
B | Coconut, |2860/43.6/8.01/ 52.1/49.9/47.1/—
10.5.
C | Coal, 2780/42.4/8.37/25.7 50.7/48.4/49.2/42.5
14.0.
D | Spent 2780/40.8/8.24/ 50.6/46.8/48.5/—
coconut,
10.7
E | New coal, |3370/61.6/11.3/41.0 | 9020/79.0/21.4/15.7¢ | 61.6/70.5/66.5/67.8 37.4/77.9/53.9/262
13.7

“Presaturated by the Fenton-oxidized effluent
"Inoculated with the acclimated culture
‘Calculated from the BAC data (Fig. 1.9, 1.10, 1.11, and 1.12)
dAdsorptive capacity (Table 1.2 & g) x carbon weight
¢Amount removed/amount fed
fAmount removed/total capacity
¢Capacity for CN in K;Fe(CN)g, X/M (mg/g) = 1.346 C*>% (R? = 0.949)
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Fig. 1.12 Performance of the BAC treatment of the Fenton-oxidized effluent sample: total cyanide

The effect of BAC is illustrated by the large amount of total cyanide removed in
Col. E (262% of the comparable adsorptive capacity) as a result of its biodegrada-
tion [45]. The long-term steady removal of organics and total cyanide in carbon
columns demonstrates that the BAC function would be established naturally

although the inoculation made it happen faster [34].

Although total cyanide was not as well adsorbed on activated carbon as the resid-
ual organics (Table 1.4) and had indeed broken through the carbon column much
faster, its concentration of Col. E effluent remained significantly below the dis-
charge limit of 0.5 mg/L as the result of biodegradation. The findings of cyanide
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biodegradation are consistent with the literature reports [35]; the following mecha-
nism has been proposed [46]:

bacteria

M,CN, +4H,0+0, — M biofilm+2HCO; +2NH;

3 bacteria

NH; +502 — NO, +2H" +H,0

bacteria

1
NO; +-0, — NO;

It is significant to note that the long-term treatment performance of a fully estab-
lished BAC adsorber was not dependent on the carbon’s adsorptive capacities [47]
as contaminants were primarily removed by biodegradation and bacterial
utilization.

4 Enhanced BAC Treatment Employing Copper-Loaded
GAC to Ensure Cyanide Removal

4.1 Batch Experiments of Cyanide Removal

Figure 1.13 presents the 1-h TCN removal capacities of five carbons (Coal,
Ag-GAC-1, Cu-GAC-1, Ni-GAC, and Fe-GAC); the data clearly show that metal
loading significantly enhanced the TCN removal capacity of the base carbon, con-
sistent with literature reports [18, 27, 28, 48] and that, considering the % loading
and cost of metal, copper was the best metal of the four studied. Figure 1.14 pres-
ents the same comparative removal capacities of six Cu-loaded carbons with and
without chemical fixing; the data have demonstrated that fixing loaded Cu on the
carbon enhanced its TCN removal capacity and that KI was the best fixing chemi-
cal, as Cul was less water soluble than CuCO; and Cu(HCOs), [49, 50]. Similar
batch runs were performed on KCN solutions; the results show the GACs’ removal
capacities for free cyanide were much less than those for K;Fe(CN)g-based TCN.

The TPR intensity profiles (Fig. 1.15) show a peak at 288 °C for the Cu-GAC
ample and a delayed peak at 510 °C for the Cu/KI-GAC sample; such a shift sug-
gests that the KI-fixing treatment enhanced the interaction of CuO and GAC, mak-
ing the loaded copper more difficult to be reduced in the TPR procedure, which
might have been the reason for the higher TCN removal capacity of Cu/KI-GAC,
relative to Cu-GAC, because its loaded copper is more tightly bound and thus less
likely to be removed from GAC. Higher copper loading of Cu-GAC and Cu/KI-GAC
and more effective loading/fixing procedures employed in the preparation of the
commercial copper-loaded carbon (Cu-GAC and Cu/KI-GAC) were the reasons for
their higher TCN removal capacities relative to those of the home-made Cu-loaded
carbons.
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Figure 1.16 illustrates the effects of contact time (1 and 5 h) and DO (2 and
7 mg/L) on TCN removal capacities of Coal and Cu/KI-GAC from an SCP effluent.
The higher removal capacities observed with a longer contact time and a higher DO
were the result of catalytic oxidation of adsorbed cyanide on carbon surface. The
catalytic oxidation was not strongly dependent on cyanide concentration and that its
contribution to the total observed cyanide removal was not as noticeable for Cu/
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KI-GAC due to its much higher TCN removal capacity relative to Coal. Such results
have suggested that adsorption of cyanide species is fast and that the observed 1-h
removal capacity of a carbon may be considered as its adsorptive capacity for

cyanide.

Figure 1.17 presents the adsorptive capacities of four carbons for TCN in
K;Fe(CN)g solution, showing the expected order of Cu/KI-GAC > Cu-GAC > Ag-
GAC > Coal. The observed cyanide removal capacities were dependent on factors
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that affect adsorption and catalytic oxidation, such as carbon type, cyanide form/
source (free and total cyanides of a solution and effluent), contact time, and DO.

4.2 Breakthrough Experiments

Figure 1.18 presents TCN breakthrough curves of six columns employing both the
conventional method (b, d, and f) and the MCRB method (a, c, and e); Col. a and
Col. b were fed by K;Fe(CN); solutions, while other columns were fed by the coag-
ulated/precipitated SCP effluents. Table 1.6 summarizes the performance data of
those columns. The results demonstrate that Cu/KI-GAC had a much larger TCN
removal capacity than Coal and that catalytic oxidation of adsorbed TCN on Coal
resulted in >100% removal ratio of Col. a and Col. b where the longer contact time
enhanced removal even more [28]. The MCRB curves of Col. ¢ and Col. e are simi-
lar to the corresponding small conventional columns (Col. d and Col. f) in the com-
mon ranges of bed volumes treated; such results have validated using the MCRB
method to obtain a full breakthrough curve in a small fraction of time that would be
necessary for the conventional method using a small carbon column.

The third series of breakthrough experiments involved the long-term treatment of
an SCP effluent sample containing higher than usual TCN (6.5 mg/L). To ensure the
GAC treatment would produce an acceptable final effluent, the SCP effluent was
first pretreated by Fenton oxidation/precipitation to produce the feed
(COD¢; < 80 mg/L and TCN < 3.5 mg/L) to the four small conventional adsorbers
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Table 1.6 Summary of breakthrough runs for treating K;Fe(CN); solution and coagulated SCP

effluent

Flow Batch
Carbon/ rate | Carbon Feed Contact | removal | TCN
column (mL/ | charged | EBCT | TCN (run) capacity | removed |Removal
(Fig. 1.7) min) |(g) (s) (mg/L) |time (h) |(mg/g)* | (mg/g)® | ratio (%)°
Coal (a)? 3.1 0.51 17 2.5 15 2.3 2.5 109
Coal (b)° 1.0 10.3 1530 2.1 551 2.0 32 160
Coal (c)! 3.1 0.51 17 1.9 9 24 2.5 104
Coal (d)° 0.9 10.2 1668 | 1.9 254 2.4 1.6 67
Cu/KI-GAC | 3.3 050 |15 1.9 9 5.8 3.8 66
(e)
Cu/KI-GAC | 0.9 11.7 1608 1.9 383 5.8 32 55
®*

1-h removal capacity at the feed concentration from Figs. 1.5 and 1.6
"Cumulative TCN removal at the end

‘b/a
YMCRB runs

°Small column conventional breakthrough runs
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filled with the base coal and varying account of Cu/KI-GAC (0%, 10%, 30%, 100%
in Col. g, h, 1, j, respectively). Figure 1.19 presents their TCN breakthrough curves
and Fig. 1.9 shows their COD removal performance of the last 4 days of the
57-d study.

TCN concentration of the Col. g—i effluent samples increased quickly, exceeding
the discharge limit (0.5 mg/L) in 2-5 days. While TCN of Col. j, the column with
all Cu/KI-GAC, effluent samples were well below <0.5 mg/L during the entire
57-day study. After 10 days, the TCN concentrations of Col g—i effluent samples
began to decrease gradually and dropped below the discharge limit by the 20th day.
After this start-up period (the first 3—4 weeks of the column runs), the treatment
performance of all columns became stable; TCN of all effluent samples remained
below 0.5 mg/L even when the feed concentration was increased to 3.5 mg/L (with
less intensive Fenton pretreatment). Figure 1.20 shows that Col g—j were still effec-
tive for COD removal that COD of all effluent samples were below the discharge
limit of 50 mg/L).

Table 1.7 summarizes the performance data of TCN removal in the four columns.
The cumulative TCN removals in the four columns were 280-383% of their respec-
tive TCN adsorptive capacities, and furthermore, there was no need for any of them
to replace GAC. Those GAC columns exhibited such long-term TCN and COD
removal capabilities because they became fully functional BAC systems, which
resulted from the fact that organic and TCN constituents of the feed were made
more biodegradable by the Fenton oxidation pretreatment and that the GAC col-
umns were ideal for establishing highly acclimated biomass during the start-up
period [26, 30, 51, 52]. The data of this study have demonstrated that partial filling
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Fig. 1.19 Performance of the Fenton-BAC process: TCN removal
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Table 1.7 Summary of 57 d breakthrough runs for Fenton-pretreated SCP effluent samples (feed
pH=06.5,D0 =7 mg/L)

Carbon/column | Flow rate | Carbon EBCT | Batch removal | TCN removed | Removal
(Fig. 1.8) (mL/min) | charged (g) | (min) | capacity (mg/g)* | (mg/g)® ratio (%)°
100%coal (g) |0.94 10.0 26 39 14.0 359
10%cu/ 1.00 10.2 25 4.1 15.7 383
KI-GAC

+90%coal (h)

30%cu/ 0.92 10.2 26 4.6 15.3 333
KI-GAC

+70%coal (i)

100%cu/ 0.98 10.1 22 6.1 17.1 280
KI-GAC (j)

*1-h removal capacity at the feed concentration from Fig. 1.5
®Cumulative TCN removal at the end

‘b/a

of Cu/KI-GAC did not prevent the BAC function and that a sizable amount of it
(>30% in this study) would ensure the final effluent meeting the stringent TCN
discharge limit at all times. These results suggest that Fenton oxidation pretreatment
followed by the BAC treatment in the adsorber is a cost-effective advanced treat-
ment of the SCP effluent for direct discharge and/or reuse and that partial filling of
the adsorber with Cu/KI-GAC will furthermore ensure meeting the effluent dis-
charge limits during the start-up phase of the adsorber operation [30, 51-55].
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5 Summary

Fenton oxidation, coagulation/flocculation/sedimendation (CFS) plus Fenton oxi-
dation, and Fenton oxidation plus activated carbon adsorption experiments were
conducted to develop the most practical and the best advanced treatment processes
for treating a biologically treated coking plant effluent. Both Fenton oxidation and
CFS were effective for removing many organic constituents, measured as UV,s,
(aromatic organics), VIS;g (color ingredients), and CODc,; Fenton oxidation, in
addition, was capable of removing most total cyanide present in the sample. Fenton
oxidation enhanced adsorptive capacities of activated carbon for the residual organ-
ics and also made them more biodegradable. The CFS followed by Fenton oxidation
was the most practical advanced treatment process to ensure meeting the existing
effluent discharge limits and to recycle the final effluent for cooling water make-up.
The Fenton oxidation followed by adsorption and biodegradation in a biological
activated carbon (BAC) adsorber was the best advanced treatment process to recycle
the final effluent for many more reuses while meeting the much more stringent dis-
charge limits of the future.

Batch experiments were also conducted to determine the effects of metal loading
and fixing methods on the capacity of granular activated carbon (GAC) for remov-
ing cyanide from KCN (pH = 11), K;Fe(CN)y solutions and several SCP effluent
samples. KI fixed carbon (Cu/KI-GAC) was the best GAC samples tested.
Adsorption was the primary mechanism of cyanide removal; catalytic oxidation of
the adsorbed cyanide on carbon surface contributed a minor amount of the observed
removal. Four small adsorbers containing the base GAC and 0-100% of Cu/KI-GAC
were employed for treating a Fenton-oxidized/precipitated SCP effluent sample.
After the start-up period (<3 weeks) to establish the effective biological activated
carbon (BAC) function in the adsorbers, the effluents became stable and met the
discharge limits (COD¢, < 50 mg/L and TCN < 0.5 mg/L); with >30% Cu/KI-GAC
in the adsorber, the effluent would meet the discharge limits during the start-up
phase. The BAC function of the adsorber substantially reduced the carbon replace-
ment cost making the combined Fenton oxidation and BAC treatment process a
cost-effective alternative for recycling the biotreated coking plant effluent.

Glossary

Biodegradation Biodegradation is the decomposition of organic material by
microorganisms.

Biological activated carbon The combination of ozonation and GAC is commonly
referred to as the biological activated carbon (BAC) process, or biologically
enhanced active carbon process.

Carbon adsorption Activated Carbon Adsorption is the act of an accumulation of
a gas or liquid onto the surface of the activated carbon.
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Coking wastewater treatment Removal of suspended solids and chemicals that

are toxic to biological systems, followed by biological treatment.

Fenton reaction Fenton reaction is a catalytic process that converts hydrogen

peroxide, a product of mitochondrial oxidative respiration, into a highly toxic
hydroxyl free radical.

Granular activated carbon Granular activated carbon is defined as the activated

carbon being retained on a 50-mesh sieve.

References

L.

2.

3.

10.

11.

12.

14.

15.

16.

17.

18.

Fu W, Wang Q, Xiang X (2004) Technologies for recycling industrial wastewaters. Technol
Water Treat (Chinese) 30

GB 18918-2002. Integrated wastewater discharge standard, National standard of People’s
Republic of China, 2002

Ying W, Dietz E, Woehr G (1990) Adsorptive capacities of activated carbon for organic con-
stituents of wastewaters. Environ Prog 9 p. 1-9

. Franklin G, Stensel H (2004) Wastewater engineering: treatment and reuse, 4th edn. Metcalf &

Eddy, New York, USA

. Huang CP, Dong C, Tang Z (1993) Advanced chemical oxidation: its present role and potential

future in hazardous waste treatment. Waste Manag 13:361-377

. Guedes A, Madeira L, Boaventura R, Costa C (2003) Fenton oxidation of cork cooking

wastewater-overall kinetic analysis. Water Res 37:3061-3069

. Lapertot M, Pulgarin C, Ferndndez-Ibanez P, Maldonado M, Pérez-Estrada L, Oller I, Gernjak

W, Malato S (2006) Enhancing biodegradability of priority substances (pesticides) by solar
photo-Fenton. Water Res 40:1086-1094

. Pignatello JJ (1992) Dark and photoassisted iron (3+)-catalyzed degradation of chlorophenoxy

herbicides by hydrogen peroxide. Environ Sci Technol 26:944-951

. Ying W, Duffy J, Tucker E (1998) Removal of humic acid and toxic organic compounds by

iron precipitation. Environ Prog 7 p. 262-269

Botz M, Mudder T, Akcil A (2005) Cyanide treatment: physical, chemical and biological pro-
cesses (chap 28). In: Adams M (ed) Advances in gold ore processing. Elsevier, Amsterdam
Mudder TI, Botz MM, Smith A (2001) Chemistry and treatment of cyanidation wastes, 2nd
edn. Mining Journal Books Limited, London, UK

Watanabe A, Yano K, Ikebukuro K, Karube I (1998) Cyanide hydrolysis in a cyanide-degrading
bacterium pseudomonas stutzeri AK61 by cyanidase. Microbiology 144:1677-1682

. Kao CM, Liu JK, Lou HR, Lin CS, Chen SC (2003) Biotransformation of cynanide to methane

and ammonia by Klebsiella oxytoca. Chemosphere 50:1055-1061

Patil YB, Paknikar KM (2000) Development of a process for biodetoxification of metal cya-
nides from waste waters. Process Biochem 35:1139-1151

Mudder T, Botz M (2004) Cyanide and society: a critical review. Eur J Miner Process Environ
Prot 4 p. 62-74

Chen YS, Ying WC (1992) Cyanide destruction by catalytic oxidation. In: Proceedings of the
46th Purdue industrial waste conference, pp 539-545

Dash RR, Balomajumder C, Kumar A (2009) Removal of cyanide from water and wastewater
using granular activated carbon. Chem Eng J 146:408-413

Adams MD (1994) Removal of cyanide from solution using activated carbon. Miner Eng
7:1165-1177



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

Fenton Oxidation and Biological Activated Carbon Treatment... 27

Baghel A, Singh B, Pandey P, Dhaked RK, Gupta AK, Ganeshan K, Sekhar K (2006)
Adsorptive removal of water poisons from contaminated water by adsorbents. ] Hazard Mater
137:396-400

Bernardin FE (1973) Cyanide detoxification using adsorption and catalytic oxidation on gran-
ular activated carbon. J Water Pollut Control Fed 45:221-231

Yazici EY, Deveci H, Alp I (2009) Treatment of cyanide effluents by oxidation and adsorption
in batch and column studies. J Hazard Mater 166:1362-1366

Lv Y (2009) Carbon adsorption-catalytic oxidation for removing cyanide from biotreated
effluent of Shanghai coking plant. MS thesis, East China University of Science and
Technology, Shanghai, China

Aronstein BN, Lawal RA, Maka A (1994) Chemical degradation of cyanides by Fenton’s
reagent in aqueous and soil-containing systems. Environ Toxicol Chem 13:1719-1726

Jiang WX, Duan J, Li BJ, Li Y, Lv Y, Liu WD, Ying WC, Li MN, Yu Y, Chen YM (2009)
Integrated Fenton oxidation processes for advance treatment of a biotreated coking plant efflu-
ent. Environ Pollut Control (Chinese) 31

Jiang WX (2008) Enhanced activated carbon adsorption process for advanced treatment of
coking plant effluent. PhD dissertation, East China University of Science and Technology,
Shanghai, China

Dash RR, Balomajumder C, Kumar A (2009) Treatment of cyanide bearing water/wastewater
by plain and biological activated carbon. Ind Eng Chem Res 48:3619-3627

Adhoum N, Monser L (2002) Removal of cyanide from aqueous solution using impregnated
activated carbon. Chem Eng Process 41:17-21

Deveci H, Yazici EY, Alp I, Uslu T (2006) Removal of cyanide from aqueous solutions by plain
and metal-impregnated granular activated carbons. Int J Miner Process 79:198-208

Van Weert G, Breedveld JF (2004) Cyanide removal from wad cyanides; a study of the zinc-
silver-cyanide-activated carbon system. Society for mining, metallurgy and exploration,
Denver, USA, pp 431-437

Park D, Lee DS, Kim YM, Park JM (2008) Bioaugmentation of cyanide-degrading microor-
ganisms in a full-scale cokes wastewater treatment facility. Bioresour Technol 99:2092-2096

Fu L (2008) Optimization study of the coagulation/flocculation step of the integrated activated
carbon adsorption process for advanced treatment of coking plant wastewater. MS thesis, East
China University of Science and Technology, China

Ying W, Zhang W, Chang Q, Jiang W, Lin G (2006) Improved methods for carbon adsorption
studies for water and wastewater treatment. Environ Prog 25:110-120

Zhang W, Chang QG, Liu WD, Li BJ, Jiang WX, Fu LJ, Ying WC (2007) Selecting activated
carbon for water and wastewater treatability studies. Environ Prog 26:289-298

Mcleod DW, Lin C, Ying W (1991) Biological activated carbon process for removing Sulfolane
from groundwater. In: Proceeding of 46th industrial waste conference. Purdue University,
Indiana, USA

Akcil A, Karahan AG, Ciftci H, Sagdic O (2003) Biological treatment of cyanide by natural
isolated bacteria (Pseudomonas sp.). Miner Eng 16:643-649

Gallard H, Laat J, Legube B (1998) Effect of pH on the oxidation rate of organic compounds
by Fe-11/H,0,, mechanisms and simulation. New J Chem 22:263-268

Walling C (1975) Fenton’s reagent revisited. Acc Chem Res 8:125-131

Wang P, Lau W, Fang H, Zhou D (2000) Landfill leachate treatment with combined UASB and
Fenton coagulation. J Environ Sci Health 35:1981-1988

Kang Y, Hwang K (2000) Effects of reaction conditions on the oxidation efficiency in the
Fenton process. Water Res 34:2786-2790

Deng Y, Englehardt JD (2006) Treatment of landfill leachate by the Fenton process. Water Res
40:3683-3694

Sun J, Sun S, Fan M, Guo H, Qiao L, Sun R (2007) A kinetic study on the degradation of
p-nitroaniline by Fenton oxidation process. J Hazard Mater 148:172-177



28

42.

43.

44,

45.

46.

47.

48.

49.
50.

51

52.

53.

54.

55.

W.-c. Ying et al.

Mudder T (2001) The cyanide guide (mining environmental management, special issue). Min
J London, England 45

Hidaka H, Nakamura T, Ishizaka A, Tsuchiya M, Zhao J (1992) Heterogeneous photocatalytic
degradation of cyanide on TiO, surfaces. ] Photochem Photobiol A Chem 66:367-374

Jiang W, Zhang W, Chang Q, Zhang H, Fu L, Ying W, Li M, Yu Y (2007) Enhanced acti-
vated carbon adsorption process for advanced treatment of biotreated coking plant wastewater.
Environ Pollut Control (Chinese) 29

Patil YB, Paknikar KM (1999) Removal and recovery of metal cyanides using a combination
of biosorption and biodegradation processes. Biotechnol Lett 21:913-919

Whitlock J, Mudder T (1998) The Homestake wastewater treatment process part I: design and
startup of a full scale facility. In: Mudder TI, Botz M (eds) The cyanide monograph, 2nd edn.
Mining Journal Books Limited, London, UK

Ying W, Weber W (1997) Bio-physicochemical adsorption system models for wastewater
treatment. J Water Pollut Control Federation 51

Williams NC, Petersen FW (1997) Optimization of an impregnated carbon system to selec-
tively recover cyanide from dilute solutions. Miner Eng 10 p. 483-490

Gao DM (1998) Cyanide pollution and treatment technology. Gold (Chinese) 19

Zhou P, Xin G, Meng CG, Xin J, Wang HL, Yu YX, Mou WS, An YL (2005) Inorganic chem-
istry. Higher Education Press, Beijing, China

Dash RR, Balomajumder C, Kumar A (2008) Treatment of metal cyanide bearing wastewater
by simultaneous adsorption and biodegradation (SAB). J Hazard Mater 152:387-396

Gurbuz F, Ciftci H, Akcil A (2009) Biodegradation of cyanide containing effluents by
Scenedesmus oblipus. J Hazard Mater 162:74-79

Akcil A (2003) Destruction of cyanide in gold mill effluents: biological versus chemical treat-
ments. Biotechnol Adv 21:501-511

Akcil A, Mudder T (2003) Microbial destruction of cyanide wastes in gold mining: process
review. Biotechnol Lett 25:445-450

Dobrosz-Gomez I, Gomez Garcia MA, Gaviria GH, GilPavas E (2020) Mineralization of cya-
nide originating from gold leaching effluent using electro-oxidation: multi-objective optimiza-
tion and kinetic study. J Appl Electrochem 50(2):217-230



Chapter 2 )
Composting for Food Processing Wastes b

Yung-Tse Hung and Kevin Holloman

Contents
1 Introduction: We Cannot DeCOMPOSE. .. ....eeuueiiinntteiii i,
2 Influent COMPOSILION. ....uuiinei ittt e
B B N\ 2 T X .
Y (3 T Al O0) 11153 1 | A
1T 3G o1 0 o
T B NS 10 .
3.2 Electron Field INdUCHON. ... uueettitt ettt e eeeeiee e
3.3 POrOUS MEAIA .. v vtteeettee et ettt .
4 NAUTAL CYCLeS. ..ttt ettt et e e e e e .
4.1 Carbon CYCle. . uuue it .
42 Nitrogen CycCle......o.ooiiuiiiiii i
I 0] 1111111111 1 AP
ST N 7 T 1< o PN .
5.2 FUNGL c ot
5.3 VermiCOMPOSHIE. ...ttt ettt et et et et et et et et et e eaieeans
54 MAZEOLS. . e ettt ettt .
6 MetabOliSIIL . ..ottt e
0.1 NULIIHOM. Lottt et e et et e e e et e et e et e e et e eaaeeenaas .
[N U € 155 1 1o 2 10 ) 1
7 = 111
7.1 Estimation of Maturation. .. ........oouuieiuteiitteaiee it eaieeiieeaieeeaaeenns
7 2 <o 1 L1 U 1 P .
7.3 Gaseous EMiSSIONS. . .....uiiuiiit ittt e
T4 LeaChate. . ..ottt .
8 Decentralized COMPOSINEZ. ... uuuttinuttett et
O APPLCALIONS. ...ttt ettt e e
9.1 Microbial Fuel Cells.........oouiiiiiiiiiii i e e e
9.2 Compost SOIAr TOWET. ... c.uuueitt it
O 23 T T ee) 1 1) 11} PP .
10.1  Food Waste INdUSIIY. . .....ooiieiiiit e

Y.-T. Hung (P<) - K. Holloman
Department of Civil and Environmental Engineering, Cleveland State University,
Cleveland, OH, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
L. K. Wang et al. (eds.), Integrated Natural Resources Research, Handbook of
Environmental Engineering 22, https://doi.org/10.1007/978-3-030-61002-9_2

30

35
35
37
39
39

49
49
50

29


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-61002-9_2&domain=pdf
https://doi.org/10.1007/978-3-030-61002-9_2#DOI

30 Y.-T. Hung and K. Holloman

T1 0 SUMMATY. ..t ettt 58

)8 0 B 107 Tod 15 ) P . 61
(€3 (0T 1 N 62
2SS 53 1S5 1T P 63

Abstract Composting of food processing waste was analyzed as a biological pro-
cess and an engineered system. The goal is to establish fundamental principles and
design criteria that would aid its adoption as waste management practice.
Characteristics of the inflow, reactor, and outflow were evaluated. Success of the
bioreactor was found to be largely dependent on microbial community structure,
physical properties of biodegradable waste (BW), aeration, and time required for
maturation. Vermicomposting, electric field induction, maggot farming, microbial
fuel cells, energy production, air pollution reduction, and leachate treatment were
explored.

Keywords Compost - Bioreactor - Biodegradation - Porous media - Food
processing waste - Vermicomposting - Electric field induction - Maggot farming -
Microbial fuel cells - Constructed wetlands

1 Introduction: We Cannot Decompose

Composting is an exciting industry, where study of microbiology and natural cycles
is applied to the operation of biological reactors to reduce pollution, aid degraded
lands, and improve agricultural sustainability.

Disposal of material deemed no longer useful is excessive and growing at alarm-
ing rates. “The generation of municipal solid waste per capita was 2.68 pounds per
day in 1960. By 1970, it had grown to 3.25 pounds per day and by 1980 it was 3.66
pounds per day. By 2010, the daily generation of municipal solid waste per capita
had reached 4.44 pounds” [1]. Food and other biodegradable wastes are an essential
concern. The availability of better technology and the perishability of valuable
resources is strong support for a change of industry standard. An understanding of
biological systems and the environmental impact of engineered systems is leading
to positive change in waste management and this chapter will analyze composting
as a critical means. Composting of biodegradable waste (BW) is largely dependent
on favorable conditions for microbial populations. I would like to consider Landfills,
Landfill Bioreactors, Composting, and Natural wastewater treatment as a contin-
uum on the treatment of labor/ecosystems in biodegradation and the pollution gen-
erated. It is evident that favorable conditions for decomposers produce greater rates
of decomposition and greater utilization of effluent material. We rely greatly on
microorganisms, and a symbiotic relationship proves to be the most beneficial to our
ecosystem’s success.
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Natural systems work in natural cycles. Biodiversity and symbiotic reliance have
occurred for billions of years and have established ideal systems for the transfer and
utilization of energy. Ecosystems and earth cycles alike rely on the amazing process
of decomposition and biodegradation, which is achieved through the abundance of
microorganisms. Bacteria, fungi, and countless feeding species are the means of
decomposition and their study is the most critical to compost engineering. Ecosystem
populations and system dynamics will be discussed in this study. The nitrogen and
carbon cycle are dependent on continual material exchange and symbiotic relation-
ships between auto and heterotrophs. One of the largest evolutionary advancements
was the terrestrialization of plants, which was dependent on symbiotic bacterial
populations. Decomposition of organic matter into soluble forms is essential for the
production of energy and even in complex organisms, such as ourselves, impossible
without the aid of decomposers. Mitochondria generates the majority of ATP
through cellular respiration and does not share the DNA of its Eukaryote. Popular
opinion is that mitochondria has bacterial ancestry and the evolution of eukaryotic
cells was through symbiosis of prokaryotic bacteria and archaeca. One may look
down to their gut microbiome for evidence of the incredible reliance on microbial
decomposition of organic material and the sustenance of life, and even find contri-
butions to waste management.

In composting, engineers need understand they cannot decompose and thus shall
seek to only serve those that can. Adoption is necessary to improve the environmen-
tal impact and sustainability of waste management. Matured compost can leave our
home, find partners with beautiful plants, rescue degraded lands, produce food,
reduce pollution, and further life on earth. The alternative for our food waste is
degradation without air, without light, filled with noxious methane, pollutants, and
heavy equipment. Comparisons can be made between composting and wastewater
treatment to aid in design and operation. As a biological system, inflow, reaction,
and outflow characteristics summarize the process criteria and will be evaluated.

In this chapter, the principles and practicum of composting will be explored.
Guidelines and recommendations for a low-energy practice will be determined.
First, Influent composition will be discussed, then reactor characteristics, followed
by a review of natural cycles, analysis of microbial community structure, metabo-
lism and microbial nutrition, and lastly, reaction effluents.

Throughout analysis, comparisons to the natural decomposition of organics will
be reviewed to ensure engineering design does not stray due to miseducation and
incomplete understanding of natural process. Organic material has decayed in natu-
ral environments for eons and mimicry shall be essential for design. Alongside
accordance with natural systems and low-energy input, diversity will be a funda-
mental goal in all aspects of composting design; in this system, its importance is
equivalent to that of any other field. Adoption of compost engineering will only
further as waste management practice, for aiding soil ecosystems and countless oth-
ers is a righteous practice. “Earth knows no desolation; she smells regeneration in
the moist breath of decay” [2].
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2 Influent Composition

Food waste composted alone is inferior to a mixed influent. The addition of Bulking
agents improves porosity and physical structure, plant materials improve carbon
quantity, manure, oil, and sludge improve energy content and early growth, and
countless other additives improve countless other aspects. Living cells have compli-
cated chemical structures and rely on a diverse array of nutrients. Elemental compo-
sition of substrate is key to successful degradation, and analyzing the elementary
composition of microbial cells offers insight into ideal feed ratios. Most microbial
cells have about 50% carbon, 20% oxygen, 10-15% nitrogen, 8—10% hydrogen,
1-3% phosphorus, and 0.5-1.5% Sulfur considering dry weight [3].

2.1 C/N Ratio

An important parameter for input material is the carbon nitrogen (C/N) ratio. An
experiment consisting of five initial C/N ratios of 12.81, 21.37, 24.66, 29.22, and
37.41 was compared and “CO, concentrations, compost temperature, dry matter
loss, organic matter loss, electrical conductivity, and pH were measured” [4] to
determine an ideal ratio. Triplite samples of each ratio were placed in identical insu-
lated batch reactors and the “results of regression analysis indicated that the actual
maximum decomposition had a peak value at [C/N] mix of 30.39” [4]. C/N ratio
impacts degradation efficiency because microbial cell composition, composed of
both material and provision, is needed for growth and biological success, while dif-
ferent ratios also impact microbial succession. Nitrogen present in manure and
being ideally 1/30th the quantity of carbon makes carbon often limit the quantity of
treated waste. The cost of sawdust bulking agent was 40% in total costs in an aer-
ated static pile composting plant in USA [5]. A study to test the viability of lower
C/N ratio was performed by the South China University of Technology. Results
determined that temperature and pH varied little among 20/1 and 25/1 ratios with
thermophilic temperatures obtained in both mixes. Greater nitrogen losses by
ammonification and longer maturity times (about 2 weeks) with lower C/N ratios
were discovered [5]. From this experiment, it was concluded that low C/N ratios are
feasible and beneficial to the economy of composting.

Low C/N ratios also have an advantage in some pathogen suppression.
Accumulation of ammonia is the most common mechanism to kill pathogens in
soils treated with nitrogenous material. Tenuta and Lazarovitis found ammonia and
nitrous acid, rather than their ionized counterparts of ammonium and nitrite, were
lethal to microsclerotia of V. Dahlia [6]. Verticillium Dahlia is an ascomycete fun-
gus responsible for billions of dollars in crop losses every year [7]. I imagine the
application of nitrogenous waste acts as a fungicide and should not be pursued for
pathogen control. Microbial diversity and limited interference in soil dynamics have
shown to decrease survival of invading and possibly pathogenic species, “as global
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richness increased, E. coli survival decreased. Moreover, the effect was magnified
over time” [8].

The success of another pathogen, F. oxysporum, was studied in soil communities
with varying microbial diversities. Cao et al. discovered the survival (or growth) of
F. oxysporum sp. radicis-cucumerinum was strongly suppressed by microbial com-
munities with high diversity. Second, disease severity index was much higher
(P < 0.05) in the 10° and 10° dilution treatments than in the 10* dilution treat-
ment [9].

As mentioned in the nitrogen cycle chapter, ammonia is produced more than
ammonium in basic environments. Ammonium, being only slightly acidic, will
likely donate a hydrogen to surrounding basic compounds leading to a transforma-
tion into ammonia. Zhang et al. discovered high C/N ratios lead to lower nitrogen
losses, and low C/N ratios lead to volatilization of ammonia increasing the pH of the
product. C/N ratios of 30/1 observed the lowest percentages of losses compared to
20/1 and 25/1 [10].

Zhang et al. hypothesized that variation in nutrient losses can be explained by
changes in microbial succession [10]. 30/1 CN ratios increased and decreased faster
slightly faster due to different successional patterns. Gao et al. concluded a C/N
ratio of 28 maintained thermophilic temperatures for pathogen destruction, enhanced
stability and maturity, and had a lower environmental impact by analyzing cation
exchange capacity, germination index, and SOUR uptake [11].

It is hypothesized that ammonia and nitrous acid likely penetrate the outer mem-
brane of the cells; ammonia killing through disruption of cell membranes [12], and
nitrous acid destroying vital compounds as a strong oxidizing agent. Ammonia is
believed to eliminate proton gradients across membranes [13], assimilate into
glutamine-depleting citrate and malate [14], and exhaust chemical energy through
removal of cytosolic ammonia across a concentration gradient [15]. While nitrous
acid acts as an oxidizing agent, destroying vital compounds in organisms such as
glycosaminoglycans, porphyrins, free amino groups, and ascorbic acid. Nitrous
acid also undergoes reactions with secondary amines yielding carcinogenic nitrosa-
mines. Unlike ammonia, nitrous acid is not volatile and it is questionable how the
presence of nitrous acid at lower soil levels kills suspended microsclerotia.

Low C/N ratios are not recommended for composting. Volatilization of ammonia
is a leading cause of acid rain and is inversely related to C/N ratio values. Ammonia
and nitrous acid are fatal to some fungal populations and species richness is proven
to be the greatest attribute time and again to ecosystem health and viability. In high
C/N piles, the percentage of nitrogen accumulation is considerably higher, produc-
ing greater nutrient content in compost piles and reduced emissions.

2.2 Moisture Content

Water is necessary for composting. Microbial activity including Hydrolysis reac-
tions are dependent on the presence of H,O. Sharma and Poulsen studied oxygen
uptake in porous media using yard waste compost as a test medium. Water content
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from air dry to field capacity was analyzed under gas flow ranging from 0.2 to
2 L*min~! [16]. Increased water content improves nutrient supply to organisms and
biological activity but decreases the quantity of air-filled pores. Increased water
content produced inactive zones with little or no gas movement and hindered micro-
bial activity. Ideal moisture content is dependent on balancing these effects and is
controlled by pore size distribution, organic matter content, water flow velocity,
water content, and influent air flow.

2y cosO
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The equation above was used to estimate the pore size distribution in a porous
media, where y is water potential (Pa), y is the surface tension of water (j*m2), 0 is
the contact angle of the porous medium solids with water, and r is the maximum
contact angle.
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The simplified equation above represent applied suction (i) (in cm of H,0O).
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Airflow for porous media can be assumed to follow Darcy’s law for laminar flow.
The equation states that g, the specific air flow rate (m*s~!) is equal to k,, air perme-
ability (m?), divided by 7 the dynamic air viscosity (kg*m~"*s"), multiplied by the
pressure difference in pascals over the length of the sample. Stated simply, airflow
in a porous media is driven by an enthalpy difference generated by different pres-
sures inside the reactor and in the environment, Viscosity is typically the controlling
variable and in porous media is adjusted by a permeability coefficient.

Air permeability was determined using samples and air permeameters. Samples
were packed into 100 cm?® sample rings at a dry bulk density of 0.8 g*cm™ at water
contents of 5.52, 12.19, 23.3, 32.8, 45.8, 48.6, and 51.8% volume. O, uptake rates
were measured using wetted 50 g samples wetted to 0.069, 0.150, 0.248, 0.292,
0.410, 0.573 g water/g dry compost and samples of 25 g compost wetted with 0.608
and 0.647 g water/g dry compost [16].

Rate of oxygen consumption increased until approximately 40% volumetric
water content. Likely, rate-limiting factor switched from nutrient limiting to oxygen
limiting. There is no optimal moisture content in compost science; composting is
highly variable and a balance between rate limitations must be pursued. Sharma and
Poulsen also discovered that the compost used had large pores with radii greater
than 30 pm (>90%), which were air filled above suction range (pF) values of 2.
Results also showed that many air-filled pores were not likely well connected and
available for gas flow at porosities below 0.4 cm**cm= [16].
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3 Reactor

3.1 Aeration

Critical to aerobic degradation of solid waste is oxygen supply, for an adequate
oxygen supply is essential for catabolism and maturation of biodegradable waste.
Insufficient supply increases gaseous emissions, including the emission of odorous
compounds and greenhouse gases. Inadequate oxygen supply also promotes anaero-
bic degradation and the altering of environmental conditions, which become unable
to house as diverse as a microbial population. Inadequate supply also reduces the
ability to reach thermophilic phase, reduces the capability of pathogen control, and
increases the time to reach maturity.

Windrows attempt to supply oxygen demand through molecular diffusion and
natural draft ventilation with periodic mechanical turning. If influent feedstock has
a high C/N ratio, an addition of mature compost is incorporated, or if odor and gas-
eous emission are not of great concern, this method may be used solely to aerobi-
cally degrade organic waste. The oxygen supply for biological decomposition
(stoichiometric demand) often needs windrow turning or alternative methods for
oxygen supply. Peak oxygen demand occurs early in processing and decreases after
thermophilic phase, windrow maturation after the thermophilic phase is reached is
common practice.

Stoichiometric oxygen is entirely dependent on feedstock. COD-based stoichi-
ometry is a useful means of determining oxygen requirement, in composting sub-
strates are heterogeneous and simplifications are necessary to determine oxygen
requirements.

3.2 Electron Field Induction

Oxygen supply is critical in composting and often rate limiting for aerobic degrada-
tion of biodegradable waste. Increasing porosity and tortuosity aids aeration but
reduces temperature rise due to convective heat loss and increases energy demand.
An alternative attempt to aid the supply of oxygen and reduce the production of
methane is through enhancement of O, utilization. Increasing gas-liquid interface or
air retention time are common methods [17]. A fluidic oscillator has been used to
reduce the size of air bubbles tenfold and improve volumetric mass transfer coeffi-
cient by 55% [18]. Compost layered with bamboo charcoal to extend air retention
time was studied by Li et al. Results showed increased air retention time, but
restricted and nonuniform air supply remained problematic [19]. Tang et al., who
are responsible for the compiling of these attempts to improve oxygen supply, state
that due to the high solids and low moisture content of influent raw material, the use
of fluidic oscillator and bamboo charcoal is greatly limited [20].
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Oxygen is the terminal electron acceptor in aerobic degradation of biological
degradation. The absence of O, is likely to lead to an accumulation of electric
charge. Generated electrons remain static until the presence of O, is supplied. This
is a passive process, resulting in a low O, utilization due to uneven distribution of
O, in the compost pile [20]. Gaseous flow in porous media will develop pathways of
least resistance and will produce many areas void of activity. It is well known that
electrons can move under an electric field. Reimers et al. placed one electrode in the
seafloor sediment and another in upper sea water and demonstrated the flow of elec-
trons from anaerobic regions to aerobic regions via an external circuit [21]. Microbial
fuel cells also demonstrate this ability and is a fascinating approach to energy pro-
duction; a brief introduction is provided in a later chapter. Tang et al. experimented
with two groups of reactors (volume 200 L) with triplicate samples. One reactor was
used for electric-field-assisted aerobic composting (EAC), a DC voltage was
applied, the other reactor was used as a control. A sheet of stainless steel was placed
around the inside of the reactor to act as a positive electrode, and a graphite rod was
inserted in the center of the reactor to act as a negative electrode. Chicken manure,
dewatered sewer sludge, rice hulls, and mature compost were mixed 5:2:2:1 and
moisture content were adjusted to 65-70%. Intermittent aeration was supplied at air
flow rate 1.5 L min~! for 24 h then off for 24 h for days 1-13. No aeration was sup-
plied from days 14 to 30, with days 10 and 20 being turning days [20].

The effect of electric field on the physicochemical properties of compost was
analyzed. Self-potential was used to determine soil charge distribution, for the con-
trol pile (CAC) it is was distributed between —2.0 and +2.0 V, and for the EAC pile
it was between —0.2 and +0.2 V. The data support the use of DC current in compost-
ing to force the flow and acceptance of electrons. The rate of temperature increase
in the EAC was higher than control, the moisture content lower, the volume loss,
and reduction in volatile solids greater.

EEM spectroscopy was used to obtain data on peak wavelengths from the com-
post pile. Peak wavelengths associated with humic and fulvic acid-like substances
had higher intensities with EAC piles indicating enhanced biodegradation. Peak
wavelengths related to tyrosine or tryptophan class substances had disappeared in
both types of reactors, which are strong indicators of maturity. The increment rate
of HA-like substances (in relation to the initial sample) reached 363 + 36% (region
V), which was 144 + 16% higher than that of CAC (219 + 20%) [20]. This chapter
also demonstrated the effectiveness of EEM spectroscopy in determination of
maturity.

Maximum CO, emission rates were approximately 1.6 times higher in EAC indi-
cating enhanced oxidation of organic matter by electric field induction. CH, emis-
sions only continued after the period of aeration in the control pile suggesting the
EAC pile had completed the main humification process. N,O emissions occurred in
both reactors and was released as an intermediate product of nitrification, denitrifi-
cation, or ammoxidation [22, 23]. N,O emissions were considerably lower in the
EAC, suggesting that oxygen accepted the majority of electrons. The germination
index was also considerably higher in EAC compared to CAC reactors [20].



2 Composting for Food Processing Wastes 37

Microbial community structure varied among reactor types. Electroactive bacte-
ria are capable of transporting electrons in bioelectrochemical systems. Typical bac-
teria include Tepidimicrobium, Corynebacterium, Bacillus, and Alcaligenes. In
EAC, the abundance of electroactive bacteria was greater than 7.9% with increased
abundance of Bacillus, Corynebacterium, and Tepidimicrobium. The generation of
electroactive bacteria may become marketable if wastewater treatment begins
adopting microbial fuel cell technology [20].

It can be concluded that the electric field enhanced the flow of electrons from
biological redox processed to oxygen, enhancing maturation and GHG emissions. It
is theorized that the addition of biochar and ferric acid would further optimize O,
utilization.

3.3 Porous Media

The physical structure of biological reactor is a key variable in operation. Air- and
water-filled pores, permeability, pore tortuosity, hydraulic conductivity, moisture
content, water-holding capacity, matric potential, and thermal conductivity are all
effected by the compost environment [24]. Biodegradable solid waste is heteroge-
neous and thus is the physical structure. Agostini reviewed the main properties of
the porous physical characteristics, phenomena, and simulation models for the man-
agement of biodegradable waste [25]. The initial microbial community, moisture
content, oxygen availability, physical availability to degradation, temperature, and
chemical composition determine the overall biodegradation rate.

Oxygen demand can be calculated stoichiometrically assuming some homogene-
ity in organic chemical composition. At low concentrations, changes in oxygen con-
centration are highly influential on reaction rates. Beck-Friss et al. noticed a larger
rate difference from 1 to 2.5% than from 2.5 to 16% O, [26].

Temperature in compost is affected by outside temperature, the type of reactor,
and mainly the dynamics of the microbial community. Chemical composition is
extremely influential for it is the food of the microbial community.

Porous materials are distinguished by the diameter of its pores—those with
diameter greater than 1077 m and those having a diameter less than 1077 m. Capillary
porous material has suction and adsorption forces generated by the surface tension
of water and its contact angle with the matrix. Bulk density (mass/volume) is used
to define a porous material and varies with water content. To analyze mass/volume
ratios without water content variations, a term known as particle density is used.
Particle density is used to define the solid matrix but is difficult to obtain due to
volume entrapped gases. The size of the particles determines the size of pores and
is an easily altered parameter; internal friction and cohesion are dependent on par-
ticle dimensions.

Compost is a macroporous environment—containing waste that also possess a
porous structure. Food waste, manure, biological tissue, etc. all are porous and
affect fluid and mass transfer as well as biodegradation rate. In compost environ-
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ments, the porosity determines air permeability and gas transfer. Microbial reac-
tions are dependent on the supply of oxygen for reduction oxidation reactions, as
well as the removal of excessive heat, carbon dioxide, and other gases. A 30% air/
gas-filled porosity is considered by many the minimum for the composting process.
Richard et al. established a linear decrease of air permeability with dry bulk density,
holding water content constant. Increasing water content exaggerated this relation-
ship [27]. It was concluded that tortuosity had a greater impact on air flow than
porosity due to process compaction, reactions, and changes of flow pathways [27].

Air-filled porosity and water content are dependent variables; many studies con-
clude that water content under a certain amount aids in particle aggregation and
gains in air permeability. Liquid and gases in a porous solid matrix compete for void
space. Microbial catabolism requires the presence of both gases and liquids and thus
void balance is critical in design. The presence of water is required for microbial
reactions and transport of microbial populations. Too low a moisture content is rate
limiting due to minimal microbial movement, and too high a moisture content is
inhibiting on microbial reactions for hampering colonization.

Flow is controlled by molecular diffusion for gases, capillary diffusion for lig-
uids, and convection driven by pressure gradients. In liquids, the pressure is of two
sources, one intrinsic to the fluid and the other capillary pressure caused by contact
with capillary pores. The capillary pressure is caused by molecular affinity, depen-
dent on polar or a polar nature. Polarity defines the separation of charge of a mole-
cule. Polar molecules have positive and negatively charged ends and result in partial
positively and negatively charged ends. Water is a polar molecule, which contrib-
utes to the ability to act as a universal solvent [28].

Nonpolar molecules have no dipole moment. Fluids with a high affinity for the
waste surface are considered wetting, those with less affinity are nonwetting [29].

Preferential pathways for fluid flow, structural changes due to degradation and
compaction, and heterogenous material make it difficult to model phenomena.
Consider the variations depicted below in the everchanging environment of a bio-
logical reactor for solid waste. Heat will conduct through solid, liquids, and gases,
it will conduct through some material at greater rates, driven by temperature gradi-
ent and desire for maximum enthalpy [25].

Pressure and velocity are the state variables in the study of porous media fluid
dynamics. Predicted values increase in complexity from the basic Darcy equation to
Naiver Stokes momentum equations. Simulations of flow are complex and recently
the use of modeling software has contributed to its study. Complex Multiphysics
simulation software (MTDATA, FEMIlab, COMSOL multi physics, KARDOS
ANSYS, PHYSICA) is available but is so complex dedicated training and special-
ized knowledge of programming languages is required. Agostini analyzed the appli-
cability of computational fluid dynamics (CFD) software that use mathematical
techniques to describe Navier stokes equations [25]. The commonly used CFD
packages are [30]:

CFX capable of modeling multiphase flow, porous media transport, and heat
transfer.
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FLUENT software tailored for food engineering.

FIDAP software that is finite element based for modeling non-Newtonian fluids and
free surface flows.

POLYFLOW general-purpose finite element CFD designed for material
engineering.

PHOENICS general-multipurpose CFD package.

Similar software exists for specific porous media problems that are simplified
and more easily accessible. TOUGH2 Petrasim for hydrogeology and HYDRUS for
vadose transport, both of which include a graphics user interface.

Composting is not homogeneous; transport gradients and solute concentrations
occur within the mass. Heat transfer in composting is extremely difficult to model,
countless parameters affect flow and there exist few data sets applicable to the
industry. Particle size, reaction rates, microbial community dynamics, etc. are all
influential parameters and there exist few to no data sets for application. Further
research and usage into CFD modeling will likely first proceed in landfill and land-
fill bioreactor studies. TOUGH2/PETRASIM combined with a biodegradation
module has been suggested as the standard tool for transport phenomena in land-
fills [31].

In conclusion, computational fluid dynamics have not been used extensively in
compost science but could provide physically sound and effective simulation.

4 Natural Cycles

4.1 Carbon Cycle
4.1.1 Biosynthesis

Atmospheric carbon exists in two main forms, carbon dioxide and methane. Fixation
into organic forms is dependent on synthesis reactions. Photosynthesis is the most
prominent and well-known form of fixation, while chemosynthesis is lesser known
and occurs in the absence of light. The reaction equation for the production of glu-
cose is provided here.

6CO, +12H,0 — C,H,,0, + 60, + 6H,0

An understanding of further utilization of carbon in plants and the production of
organic carbon-based compounds will aid in the design of biodegradation. Flowering
plants cell walls are complex matrices composed of cellulose and are commonly
described as type 1 or type 2 walls [32]. Type 1 cell walls are found in dicots, non-
commelinoid monocots, and gymnosperms. Type 2 are found only in commelinid
monocots. In flowering plants exist grasses, which are among the most important
crops worldwide; these species contain type 2 walls. Cellulose content is similar in
type 1 and 2, but type 2 has greater concentrations of hemicellulose [33]. The cell
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walls of grasses are used as one of the foremost energy sources for heterotrophs and
deserve considerable attention in compost design. Composition of cell walls has
great variance in their degradability and thus the study of their composition is essen-
tial to the field of composting.

Annual carbon fixation is estimated to be 2.34*10'" g year™ [34], and 45% des-
tined for incorporation into plant cell walls [35]. Carbon is necessary for soil eco-
systems due to the numerous species of heterotrophs essential for ecosystem health.
In undisturbed carbon cycles, plant litter provides soil ecosystems with carbon-rich
organic compounds, but agriculture has yet to develop this practice to aid soil suste-
nance. Cellulose is one of the most common polymers on earth and the main con-
stituent of plant cell walls [36]. At the molecular level, cellulose has a simple
repeating structure of f3-1,4-linked glucopyranosyl residues [37]. Glucan chains are
polysaccharides derived from glucose monomers; these chains then link to a crystal-
line cellulose microfibril. The formation of larger macrofibrils comprises polysac-
charides and lignin to produce secondary plant walls. Lignin is a phenolic polymer
derived from monolignols synthesized via the phenylpropanoid pathway [38]. The
science of plant biosynthetic pathways is important to compost science because the
organic material formed will be the object of degradation. Application into compost
science would be highly beneficial, but time must be devoted to a new field of sci-
ence for application into a field with the incorporation of so many.

4.1.2 Biodegradation

Heterotrophic organisms receive carbon and energy from the oxidation of organic
compounds. Many microorganisms can survive on a single organic compound, but
some must be with specific compounds known as growth factors. Biodiversity of
microbial communities often fulfill the growth factors for all species through eco-
system interactions. Cellular respiration is the common form for transformation of
organic carbon—based compounds into inorganic CO, and the release of energy;
members of the plant, animal, and protist kingdom all share this reaction. Provided
below is the reaction equation.

CH,0,+0, - CO, +H,0+ATP

The goal of composting coincides with the biodegradation of organic compounds
and production of humic substances. Humic substances are resistant to biodegrada-
tion and an essential addition to improve soil properties.

4.2 Nitrogen Cycle

Nitrogen is expressed in molecular form as N, In this inorganic state, the majority
of nitrogen is present in our atmosphere and unavailable to most living forms.
Nitrogen fixed into organic compounds is essential for most life and its production
dependent on nitrogen fixation.
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Nitrogen fixation is a unique ability and few processes allow for the synthesize
of organic nitrogenous compounds. Lightning converts N, to reactive nitrogen (i.e.,
NO), but the majority of organic compounds are produced through microorganisms
capable of converting N, into reactive nitrogen—otherwise known as biological
nitrogen fixation.

N, +8H+8¢” —2NH, +H,

Nitrogen-fixing microorganisms are named diazotrophs. The equation above
summarizes this reaction, nitrogen fixation is a catalytic reaction dependent on the
enzyme nitrogenase [39]. Diazotrophs can be further categorized into free-living
diazotrophs, symbiotic nitrogen-fixing bacteria, and associative nitrogen-fixing
bacteria. Through these relationships, soil food webs intake atmospheric, inorganic
nitrogen and produce organic forms. Composting looks to amend nitrogen depletion
in soils through an alternative means. Organic nitrogen present in decaying matter
will instead be mineralized by biological reactions for application to agricul-
tural soils.

Decomposition or mineralization of organic nitrogen produces ammonia (NHj).
Ammonia or ammonium can produce one another and are dependent on the envi-
ronmental ph. Ammonium is mildly acidic and is nontoxic to fungi unlike its basic
counterpart ammonia. If environmental pH is low, more ammonia molecules will be
converted to ammonium; both reaction equations are provided here.

H"+NH, > NH,"
NH," +B~ — HB+NH,

Hydrogen acts as a proton donor and if the environment is more basic than
ammonium, the fourth hydrogen atom will be lost to a Bronsted base (B™) to pro-
duce the uncharged ammonia acid. Ammonium is not very mobile in soils compared
to nitrogen in the form of nitrates (NO;™). The strong adsorption quality of ammo-
nium causes uptake by plants to be less common than that of Nitrates. Nitrates must
be reduced prior to utilization for amino acid construction, but ammonium can be
immediately incorporated [40]. Therefore, both forms of nitrogen are incredibly
important to plant growth and subsequently the science of composting.

The production of nitrates results from the nitrification of ammonia into nitrite,
then an addition of an oxygen ion to form nitrate. In the pollution chapter, biofiltra-
tion with mature compost is discussed. Biofiltration with adequate oxygen supply
may cause a great production of nitrates and improve quality as a biofertilizer.

Plants differ in their nitrogen preference. Investigation into ammonium and
nitrate uptake was performed in four tree species, Pinus, Larix, Quercus, and Juglans
[40]. Contribution of glycine, ammonium, and nitrate by different plant organs is
shown later. A multitude of variables affect these rates, primarily the mobility of the
soil, but incorporation into this study is to display the dependency of all forms for
plant growth and importance incorporation into composting. Uptake mechanisms of
N in roots are specific and rely on high-affinity and low-affinity transport systems
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[41]. Many plant species that normally use NO;~ also have an efficient system for
absorbing NH,*, identified as AMT, which is constitutively expressed at high NH,*
levels [42].

5 Community

5.1 Bacteria

Several methods of microbial analysis have been employed in the investigation of
composting environments.

Only a small fraction of the microbes present in compost can be cultured and
therefore understanding of compost ecosystems requires alternative methodology.
Culture-independent methods have been employed; examples include analyses of
extracted phospholipid fatty acid patterns. Molecular biology techniques such as
denaturing gradient gel electrophoresis (DGGE) may also be significant.

Zhang conducted an experiment to analyze the effects of C/N ratios on the abun-
dance of nitrogen-transforming bacteria [10]. Different ratios were used, total losses
of N and C were investigated, and microbial succession was analyzed by 16S rDNA
sequencing. Chicken manure and corn stover were mixed to obtain C/N ratios of
20/1, 25/1, and 30/1 (A, B, C, respectively). Different successional patterns were
observed in each pile. At initial stage, all three piles exhibited predominant popula-
tions at phylum level of Firmicutes, Bacteroidetes, Proteobacteria, Tenericutes, and
Actinobacteria. Firmicutes hydrolyze polysaccharides, Bacteroidetes contribute to
degrading cellulose, tenericutes are significant in proteolysis [10]. These popula-
tions seem significant in degrading macromolecules. Temperature rises due to
microbial activity and environmental conditions change rapidly as the compost
enters the thermophilic temperature stage. The predominant populations drop to far
below 1% and differences in community structure among C/N ratios emerge [10].

Some of the most important bacteria involved in composting emerge from the
digestive tracts of chickens, these include Bacteroides, Enterococcus, and Bacillus
[43, 44]. Redundancy analysis was performed to investigate relations between top
15 genera and losses. Highlighted in red are populations positively correlated with
nitrogenlosses. Zhangetal. stated “Thermoactinomyces, Planifilum, Flavobacterium,
Bacillaceae, Pseudomonas, Sphingobacterium, Paenibacillus, Bacillus and
Thermobifida were all found to be nitrogen fixing bacteria, and their relative abun-
dance could be boosted by increasing the C/N ratio to 30:1, while Pusillimonas,
Ignatzschineria, Alcanivorax, Cerasibacillus, Truepera and Erysipelothrix were all
denitrifying bacteria, and their relative contents decreased with the increase of
C/N ratio.”

Cao experimented with microbial community diversity and its effect on patho-
genic control in mature compost [9]. Compost of chicken manure and straw with a
C/N ratio of 25, and water content of 60% (of wet weight) was mixed weekly and
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matured for 113 days. Germination indexes for both lettuce and radish were above
90%. The piles were then sterilized, suppressing 99.1% bacteria and 98.5% fungi.
Inoculation with suspensions of the same compost were completed at four different
dilutions. After seed germination, inoculation of plant pathogen, F. oxysporum sp.
radicis-cucumerinum was performed in select samples. Results showed no differ-
ence in cucumber plant growth and health (analyzed by shoot and root weight and
disease severity index, respectively) among dilutions without the presence of F. oxy-
sporum sp. radicis-cucumerinum. In the presence of F. oxysporum sp. radicis-
cucumerinum, significant differences in plant growth and health were observed
(p <0.0001). Plant growth and health were inversely related to the amount of dilu-
tion [9].

Proteobacteria and Bacteroidetes were the two most abundant phyla in almost
all samples. Cao et al. [9] stated “the genera Asticcacaulis (Proteobacteria),
Novosphingobium (Proteobacteria), Rhodanobacter (Proteobacteria), Cellvibrio
(Proteobacteria), and Flavobacterium (Bacteroidetes) were identified as the most
dynamic taxa associated with disease suppression in compost.” Below is a graph
representing the number of disease-suppressant populations among dilution
levels [9].

Szekely analyzed the relationship between microbial community structure and
the amount of button mushroom (Agaricus Bisporus) harvested [45]. Agaricus
Bisporus, along with several other Basidiomycetes, is grown in matured compost
substrate. 16S rDNA DGGE and terminal restriction fragment-length polymor-
phism molecular fingerprinting methods were used to track microbial succession,
Relevance to this chapter stems from the compost undergoing a short heat treatment
stage after temperatures begin to decline from the thermophilic range. This practice
is performed for the preparation of a pathogen-free growth media. Agaricus Bisporus
growth is promoted by the presence of growth-promoting fungi, such as the well-
known Syctalidium thermophilum.

Thousand kilograms wheat straw, 890 kg broiler chicken manure, 200 kg horse
manure, and 80 kg gypsum were mixed and wetted with approximately 5 m?® of
water for a moisture content of approximately 75%. The windrow was turned,
mixed, and wetted every second day for 5 days. After the sixth day, the compost was
placed in an open-air bunker with forced aeration. Every second day, the compost
was put into a new bunker. On day 15, the compost was rested for a day after removal
from bunker, then placed in an indoor composting tunnel where heat treatment
occurred. 58 °C for 8 h, 48 °C until ammonium content fell below 10 ppm, approxi-
mately 3 days. After heat treatment, moisture content, fell below 70%, and TKN
raised to 2.1% indicating maturity.

DGEE results showed microbial sequences in three groups: Deinococcus-
Thermus, Firmicutes, and yProteobacteria. Dominant DGEE bands until day 4
were related to yProteobacteria and Firmicutes. Thermophilic temperatures were
related to Deinococcus-Thermus and Firmicutes, winter bands were often related to
the anaerobic species Thermacetogonium, and final mature composts were related
to species, Pseudoxanthomanas taiwanensis.
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T-RFLP screening was performed on mature compost in summer conditions, the
recordings resulted in recordings of seven different phylogenetic groups.
Actinobacteria, Fimicutes, Germmatimonadetes, aProteobacteria, fProteobacteria,
yProteobacteria, and 6Proteobacteria. Fifty-five precent of the community belonged
to Proteobacteria, 73% of which corresponded to Xanthomonadaceae phylotype.
Eighteen percent of the community belonged to Actinobacteria, with 12%
Thermobifida, and 5% Thermomonospora. Firmicutes were the third most frequent
accounting for 4%, followed by Germmatimonadetes, and Bacteriodetes. Twenty-
eight percent of the data did not have a previously isolated relative, these readings
belonged to Bacteriodetes, Firmicutes, Germmatimonadetes, and Protobacteria [45].

Neher analyzed bacterial and fungal communities among variations in compost-
ing procedure. Populations are compared among windrow, aerated static pile, and
vermicomposting [46].

Treatment after the temperature declines from the thermophilic range was
believed to have a great impact on the emergence of microbial communities in
mesophilic environments. Windrows had a high number of Bacteroides and
Chloroflexi, Aerated Static Pile, Protobacteria, and Vermicompost, had the greatest
amount of Bacteroides, Proteobacteria, and Verrucomicrobia, with the lowest
amount of Chloroflexi and Chlorobi. Vermicompost had the greatest bacterial diver-
sity and was assumed to be caused by avoiding thermophilic temperatures. Neher
conducted an experiment where vermicompost was exposed to thermophilic tem-
perature prior to worm inoculation. The diversity was still higher than windrow or
ASP furthering an argument that earthworms promote the growth of bacteria. The
temperature was 21-27 °C and 0.6 m thick compared to 55 °C piles in windrow and
ASP; therefore, I do not support this conclusion due to the multitude of variables
left unaccounted for. Neher also compared different carbon source and their effect
on microbial communities but did not use constant C/N ratios, which have been
proven to effect microbial community dynamics. Neher’s study is most useful to
show microbial communities are highly dynamic and environmental conditions are
very influential.

In conclusion, community succession is highly dynamic and populations are
often replaced in changing environmental conditions. Zhang proposed high C/N
ratios promoted the growth of nitrogen-fixing bacteria and suppressed denitrifying
populations. Cao demonstrated the effectiveness of microbial diversity on pathogen
suppression, and Neher demonstrated how composting methods change community
dynamics. All three experiments incorporated manure as a feedstock, which pro-
vided Bacteroides and firmicutes in abundance. Provided Composting is the best
waste management practice for manure and natural decomposition originally :
involved manure by large heterotrophs. The digestive of heterotrophs is also a
highly evolved biological reactor to degrade food, so incorporation into composting
may aid time of maturity. The amount of manure added to soils is unnatural but
nutrient rich, as an abundant waste it should be incorporated into agriculture, but it
will probably further the mistreatment of soils. As a readily available solution, it
will prolong the acceptance and advocation of soil care, minimal disturbance, and
the return to agriculture as a community responsibility.
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5.2 Fungi

Much like bacteria, there is succession in fungal communities and prominent popu-
lations are dependent on environmental conditions and influent feedstock.

Research into compost fungal communities is less prominent than that of bacte-
ria and a study was conducted to elucidate the prominent populations [47]. A com-
post mixture of mushroom residue and chicken manure was mixed at 1:1 and
samples were collected using a DNA isolation kit. Not all populations are recorded
through this method, although as an incredible tool for scientific analysis one should
recognize the potential for incomplete recording of taxonomy. DNA samples were
taken at different depths on days 1, 3, 5, 7, 10, 14, and 21; these are denoted as T1,
T2, T3,..., respectively [47].

Saccharomycetales was dominant in early composting. Saccharomycetales are in
the phylum Ascomycota and multiply by budding. Saccharomycetales are believed
to be dominant due to spore-like cellular structure that can withstand high tempera-
tures and low initial moisture contents. Acremonium alcalophilum and Sordariales
were dominant at ¢ = 3 days, Saccharomycetales was dominant at r = 5 days, at =7
days Scedosporium, minutuisporum (32.65%), Aspergillus cibarius (16.89%), and
Thermomyces lanuginosus (9.42%) were the most abundant [47].

Bonito provides great information on fungal communities present in a compost
with no addition of nitrogenous waste. Samples from 0-, 210-, and 410-day-old
composts were assessed using denatured gradient gel electrophoresis (DGGE) [48].

As shown, Ascomycota dominated starting composts and by day 210,
Basidiomycota grew from 13 to 51%. Day 410 showed a diverse community struc-
ture with no one population contributing more than 43% of the total population.
Many yeast sequences were recovered from initial stages; these included Candida
varieties that are opportunistic pathogens. Few pathogens were recorded in 210-day
and 410-day samples, demonstrating compost is effective at the removal of fungal
pathogens. Zygomycetes are associated with composting but are unable to be
represented using (DGEE). Therefore, DGGE methodology is a great tool in assess-
ing microbial community structure but is like all sampling, somewhat incomplete.

Ascomycota, Basidiomycota, Zygomycota, with five other phylas, make up the
kingdom fungi. Ascomycota and Basidiomycota form the subkingdom Dikarya,
which represent most of the “higher fungi.” Ascomycota are sac fungi and form
spores in a sac known as an ascus. Common ascomycetes include species used for
the production of bread, alcohol, penicillium, as well as many pathogenic species.
Pathogen is not necessarily bad; it only means the species is capable of causing
infection. Basidiomycota encompass common fungi we all know and love.
Basidiomycota include mushrooms, puftballs, chanterelles, boletes, bracket fungi,
stinkhorns, smuts, bunts, rusts, and some yeasts. Basidiomycota are composed of
hyphae and reproduce sexually with specialized end cells called basidia. Underneath
a mushroom cap is an example of Basidiomycota reproduction. Ectomycorrhiza
(EM) is a common plant symbiont that does not penetrate the host cells, unlike
another symbiont, arbuscular mycorrhiza (AM) [49].
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Ectomycorrhizal fungi often belong to phylum Basidiomycota but unlike the
common populations in composting are not saprotrophic. A presence in compost
would aid degraded land and I hypothesize incorporation could be beneficial to aid
lands where fungicides are commonly used.

5.3 Vermicomposting

It may be doubted if there are any other animals which have played such an important part
in the history of the world as these lowly organized creatures.—Charles Darwin

Darwin’s final book, The Formation of Vegetable Mould, Through the Action of
Worms, leads us to believe that the “father of evolution” in his most educated and
wisest state found himself studying earthworms. Vermicomposting is a biological
reaction dependent on earthworms and microorganisms for the degradation of bio-
degradable organic waste and the production of humic substances.

5.3.1 Earthworm Species

Many earthworm species can be found in vermicomposting operations, including
Eudrilus eugeniae Kinberg, Perionyx excavatus Perrier, Lampito mauritii Kinberg,
Lumbricus rubellus [50]. Vermicompost products are used as a soil amendment, and
native species of earthworms should be prioritized. Raphael and Velmourougane
compared the vermicomposting rated of exotic (Eudrilus eugeniae) and a native
earthworm (Perionyx ceylanesis) from a coffee farm for decomposition of coffee
pulp. I m x 1 m x 0.75 m brick tanks were smeared with cow dung slurry, filled with
a layer of dried coffee husk (15 cm) over which cow dung slurry was sprinkled and
weed biomass was spread (10 cm) [51]. Partially composted coffee pulp was added,
sprinkled with cow slurry, and lastly composted pulp mixed with partially compos-
ted weeds finished the influent loading. Three boxes of each population were con-
structed. The tanks were covered, moisture was maintained, and final quality was
analyzed by visual observation and sieving. Results concluded the exotic species
were able to degrade the pulp faster (112 days) compared to (165 days); however,
compost yields were significantly higher among native earthworm populations.
Microflora, except fungi, were found to be significantly higher among native popu-
lations, as well as recordings of functional microbial groups. Pedersen and
Hendriksen reported that in the guts of earthworms there is an increase in the num-
ber of vegetative cells as well as germination of the spores of the bacterial commu-
nity [52]. Bacteria, fungi, and yeast populations were found to be significantly
higher in native vermicast as well as the abundant presence of macro and
micronutrients.

There exist three main categories of earthworms, epigeics, anecics, and endoge-
ics. Epigeics are surface dwellers and feed on humus, anecics are a geophytopha-
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gous, soil-dwelling species that construct vertical tunnels, and endogeics are a
geophagous, soil-dwelling species that construct horizontal branching burrows [51].

5.3.2 Vermicomposting vs. Composting

Most species are unable to endure temperatures that exceed 40 °C, which are below
the thermophilic range commonly associated with composting. Vermicomposting
requires no mixing or agitation for the worms accomplish the same task as engi-
neered machinery and labor. This has been their life far before the emergence of our
own. The mesophilic state following thermophilic decline is a well-suited environ-
ment for worm populations. Large aggregates are broken down by agitation and
made more readily available for worms, and hazardous materials are stabilized that
would be hostile to worms. Food waste, slaughterhouse waste, and poultry waste
have a large proportion of the material undergoing rapid biodegradation, anaerobic
zones of decomposition as well as the production of volatile fatty acids severely
stress and kill worm populations. Stabilization of waste through composting as a
prior stage has significant positive effects in the field of vermicomposting.

5.3.3 Vermicompost Continuous

Composting of solid wastes is considered only feasible as a batch reactor [53]. Due
to the necessary rise of thermophilic temperature, new material cannot be added to
an ongoing reactor. Common windrow operations involve layering of compost
material 15 cm thick and manure or sludge in 5-cm-thick layers, wetting with
approximately 60% of the reactant mass, means of aeration either through passive
or active means, covering with cohesive clays or open plastic sheets, in forced aera-
tion systems. Once temperature exceeds 55 °C, aeration is stopped and blowers are
used to push away hot gases, turning of the pile and prior procedure is repeated.
Typically, after 50-70 days, maturity is reached under optimal environmental condi-
tions and is demonstrated by constant pile temperature [53]. Compost then is left to
cure for 2—4 weeks and then production is considered complete.

Vermicomposting, unlike normal composting, can be considered a batch, semi-
batch, and even a continuous reaction. The product sold is the excretion of the earth-
worm, which is performed on a continuous basis. There are no thermophilic criteria
and little biodegradation occurs to vermicast after production. Vermicast by epigeic
and anecic species is typically deposited at the top of the reactor (Eudrilus eugeniae
and Eisenia Fetida do). This contributes to a possible continuous design. Regardless
of reactor design, a solids retention time of at least 1 month but more commonly 2—6
months. Design can be optimized as any bioreactor can, by controlling access to
food for earthworm species. Earthworm density can be increased to a rate-limiting
value where competition becomes restrictive. Optimal design is considered high
surface-area-to-volume ratios.
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5.3.4 Food and Vegetable Processing Waste

Along with the gross production of food waste from consumers, the production of
fruit and vegetable products produces processing waste, skins, tops, bottoms,
unwanted pieces. Vermicomposting following precomposting may be an economi-
cal and productive practice.

Sharma and Garg investigated vermicomposting of processing waste with buf-
falo dung with earthworm species Eisenia fetida. Unlike Abbasi, Sharma and Garg
manually tuned the pile to avoid anaerobic conditions [54]. Twenty worms were
placed in 12-cm-deep vermibins at 25 + 3 °C with moisture maintained at 60-80%,
earthworms were sorted and counted after 90 days. Ca and NH,-N were secreted by
earthworms and neutralized humic acids, which helped maintain a neutral ph. Four
ratios of dung to processing wastes were conducted, these being 100% dung,
75-25%, 50-50%, and 25-75%. Trials are named VBI1, VB2, VB3, VB4,
respectively.

When TOC and OM decreased, TKN increased significantly. High TKN values
lead to favorable environmental conditions to reduce nitrogen loss in vermicom-
posting process by earthworms. Sharma hypothesizes high TKN values are a result
of earthworm activities, nitrogenous excreta and mucus, secretion of polysaccha-
rides, growth-stimulating hormones and enzymes [55]. C/N reduction was greatest
in 100% buffalo dung and lowest in 25-75% ratio. Increases in heavy metal concen-
trations are synonymous with vermicomposting but are assumed to result from the
reduction of biodegradable waste. Worm growth and reproduction increased with
the proportion of buffalo dung.

5.3.5 Vermicompost Diversity

Vermicomposting’s effect on microbial diversity was researched [56]. Four Hundred
grams OF 1:1 cow dung and sewage sludge were mixed with 100 g of sawdust and
inoculated with 150 Eisenia fetida earthworms, while another was used as control
without inoculation. Vermicomposting was compared to composting without inocu-
lation, results showed enhanced microbial diversity in general, with enrichment of
fungi and protozoa, and in some cases increases in bacterial abundance.

PLFA analysis showed higher ratios of mono: bran phospholipid fatty acids with
the maximum quantity of earthworm biomass. High ratios are associated with aero-
bic degradation, this and the abundance of protozoa establish that vermicomposting
improves aerobic conditions in static piles. Increased aerobic conditions, increased
microbial diversity, and increased stabilization of excess sludge in vermicompost-
ing prove its effectiveness in the management of organic wastes.



2 Composting for Food Processing Wastes 49
5.4 Maggots

Sustainable Farming is of equal importance to sustainable waste management. In
composting, nutrients are produced for application in farming, but what if during
composting one could farm at with the pile. The production of maggots is a profit-
able industry, with demand from commercial fish and poultry production.

Batches of fresh pig manure (200 kg) 7-cm thick were placed in cement trays
under greenhouse emissions with maggot inoculum at weight ratios of 0, 0.25, 0.5,
0.75, 1, and 1.5%. Maggots were harvested id day 7 and dried using microwave
equipment. The manure residue was then composted, the pile was covered by a
plastic film for 24 h to kill residual maggots.

Results showed that the temperature of the manure rose more rapidly with
increasing levels of maggot inoculum. Moisture content decreased with increasing
levels of inoculum; nitrogen followed a similar pattern. Crawling and digestion pro-
duces heat and increases the porosity of the material aiding further microbial degra-
dation. Harvested maggots also met national standards for fish meal in China when
analyzing protein, Met, Lys, As, Pb, Hg, Cd, Cr.

6 Metabolism

To determine the efficiency, duration, composition, specifications of compost, one
must analyze energy metabolism. Food waste consists of the macronutrients: carbo-
hydrates, fats, and proteins. Carbohydrate catabolism is performed through glycoly-
sis, protein catabolism by proteolysis, and fats by lipolysis. Energy metabolism in
aerobic conditions often depends on the intensity of oxygen consumption (rate of
oxygen consumption per unit mass of the organism) and the glycolytic inten-
sity [57].

v =4, +d, 2.1)

Glycolytic intensity in comparison to oxygen consumption intensity is consid-
ered minimal under aerobic conditions for the majority of organisms and neglected
with expression simplification following:

v =4, (2.2)

If glycolytic intensity is negligible, it seems we can assume energy metabolism
and microbial growth is most directly influenced by oxygen availability given there
is no limiting reagent. Glycolytic and oxygen consumption intensity help determine
rate-limiting reactants and products formed but offer little insight into reaction
kinetics. Reaction rates are described using reaction rate constants. Rate constants
for composting substrates are significantly less compared to municipal sewage.
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Composting is a heterogeneous system where suspended microbes are separated
from the substrate in solid form. Energy metabolization requires a complicated
series of events. First, hydrolytic enzymes are produced and transported to the sur-
face of the substrate, then hydrolysis of substrate molecules into soluble fractions,
diffusion transport to the cell, then through biological membranes. The same series
of events is required for the transport of oxygen into the microbial cell, floc, or
mycelia. Many biochemical reactions are nonelementary homogeneous reactions,
“those whose rate expressions cannot be written from inspection of stoichiometric
equation” [58]. Stoichiometric equations do not produce reaction rate expression in
many nonelementary reactions due to the presence of enzymes, biological catalysts,
which remains as free enzymes after the formation of a product. These are known as
Catalytic reactions.

S+E<~ ES—P+E

Biodegradation and the energy metabolism are considered autocatalytic reac-
tions. Microbial cells contain and will produce the necessary enzymes without aid
to “generate more cells, energy, and metabolic products” [58]. Hydrolysis can be
described as follows:

Kinetics of solubilization
E+A< EAP+E

Oxygen uptake rate (OUR) helps us define the required oxygen demand for organic
decomposition (stoichiometric demand). Oxygen is supplied by aeration and
comprises 20.95% of dry air volume. The aeration of BW is essential for decom-
position (stoichiometric demand), as well as moisture and heat removal. Air
transport regulates drying and heat removal demands, which will also be consid-
ered in design.

6.1 Nutrition

I owe all credit to Biological Waste Treatment by Grady & Lim for the content pro-
vided in this chapter, the textbook Biological Principles is incredible and I would
like to give thanks for the information provided.

Organic substrate biodegradation releases energy and simple molecules used for
cell synthesis. The study of its breakdown is an investigation into the metabolism of
cellular heterotrophic functions. Cellular chemical composition of living things
contains nucleic acids, lipids, proteins, and carbohydrates. The synthesis of these
compounds requires building blocks of carbon, nitrogen, phosphorus, etc. and are
easily provided by similar organic material.
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6.1.1 CHONPS

The synthesis of proteins and amino acids is dependent on nitrogen and sulfur.
Sulfur reacts with the amino acid serine and forms cysteine—one of the four amino
acids present in DNA coding. Phosphorus is necessary for synthesis of nucleic acids
and phospholipids and is important in energy transfer. Enzymes known as phospha-
tases are able to incorporate phosphorus from degraded organic compounds into cell
synthesis. Oxygen is incredibly important in metabolism. Organic compounds con-
tain oxygen as a basic constituent, the oxygen present in cell synthesis is obtained
from organic substrates and water. Molecular oxygen acts as the terminal oxidizing
agent in aerobic respiration. Anaerobes and facultative microorganisms are capable
of respiration in the absence of oxygen, using an alternative oxidizing agent.

6.1.2 Mineral Nutrition

Potassium activates many enzymes, while calcium aids cell wall stability and bacte-
rial spore heat stability. Iron is a dominant electron carrier in redox reactions. Cobalt
is required to produce vitamin B-12, which is necessary for single-carbon transfer
reactions. Zinc is a structural component of enzymes. Molybdenum is essential for
nitrate reduction. Lastly, Copper is involved in redox reactions.

6.2 ATP Generation

Metabolism releases energy. This energy would be lost to entropy if not for ener-
getic coupling. The most important coupling compound is known as adenosine tri-
phosphate, or ATP. Its composition is depicted below and highlights the importance
of phosphorus as a critical nutrient.

The entry of many nutrients into the cell is driven by active transport. Active
transport is an endergonic reaction requiring external energy input, it is the transfer
of nutrients pass the cell wall driven by concentration differences and aided by cel-
lular enzymes. Another form of transport occurs in eukaryotic cells, phagocytosis,
which uses transport vessels like lysosomes to engulf nutrients. The second time
ATP will be needed is in the conversion of nutrients into intermediate metabolites of
low-molecular weight. Intermediate metabolites include proteins, polysaccharides,
nucleic acids, and lipids. Lastly, ATP will be required to synthesize new macromol-
ecules through polymerization.

ATP is produced via substrate-level phosphorylation or reactions associated with
the electron transfer chain. NAD and NADP are major hydrogen acceptors.
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7 Effluent

7.1 Estimation of Maturation

Maturity assessment for composting is critical for the removal of phytotoxic sub-
stance that can delay germination and cause plant injury. If anaerobic decomposi-
tion continues to occur in compost, plant will suffer from the production of such
substances.

The plant seed germination index (GI) is a frequently cited, low-cost method to
assess compost maturity. A liquid obtained from the compost samples is used for
germination and growth of seeds, phytotoxity prevents successful germination and
makes the GI index a useful tool in maturity assessment. Spectroscopy, total nitro-
gen and carbon analysis, and other more intensive methods are commonly used for
maturity assessment, but the GI index retains a prominent practice in the field [59].

7.2  Pollution

As a green waste management practice, pollution should be of primary concern.
Gaseous emissions and leachate pollutants are key issues and pollution prevention
is discussed here.

7.3 Gaseous Emissions

Compost operation success as sustainable waste management is dependent on the
quality of all effluent. Odorous gas emissions and air pollution are necessary criteria
for design. Odor is a main cause for the closing of industrial operations and reduced
pollution is crucial for all engineered systems. It is understood that emissions are
best under aerobic conditions and since the alternative waste management practice
is anaerobic, emission from CO,, N,O, CH,, which contribute to global warming,
shall be considered.

Sulfur compounds, and most of the volatile organic compounds (VOCs) emis-
sion causes undesirable and other odor nuisances [60, 61]. VOCs emitted are often
biodegradable due to biogenic origin, water soluble, and have adsorption potential,
which allows the use of psuedofilters or biological processes for control of emis-
sions. Proper C/N ratios aid in porosity, tortuosity, and microbial populations that
reduce the volatilization of ammonia. pH control and vermicomposting also enhance
nitrogen fixation.

In-vessel composting enables faster treatment and greater control over emis-
sions. Windrows are commonly associated with anaerobic zones due to the inability
for oxygen to access the middle portions of the pile resulting in methane production.
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Many odor emissions produced from windrow operations are released in turning
and disturbance of the piles releasing trapped gases.

7.3.1 VOC and Treatment

High concentrations of VOCs are released during the initial stages of composting,
i.e., hydrolytic stage [62]. There are more than 100 volatile organic compounds
studied during composting, aldehydes, alcohols, carboxylic acids, esters, ketones,
sulfides, terpenes, organosulfur compounds, ammonia, etc. [62].

7.3.2 Biofiltration

Biofiltration is treatment of air pollution by means of diffusion in a biological mate-
rial. Mature compost is used to eliminate and reduce most of the potent odors [63].

Air flow rate is the adjustable variable for control of reactor dynamics. Humidified
air is used as influent, the bed comprises compost, soil, peat, chipped brush, bark,
etc. and may include additives to improve porosity such as gravel [63]. Much like
composting, biofilter pH control, moisture content, and pollutant influent concentra-
tion must be monitored. Temperature and moisture content are critical; unlike com-
post biofilters lack a high concentration of organic material to generate heat,
temperature is recommended to range from 20 to 40 °C, moisture content is recom-
mended to be 40-60% or until oxygen inhibition. Biological processes are depen-
dent on microbial catabolism and are dependent on many micronutrients. In
biofilters, the influent material is not a complete feed; often nitrogen, phosphates,
minerals, and trace elements are necessary. Mature compost has higher concentra-
tions of these materials that support microbial growth [63].

Biotrickling Filter

Concurrent liquid and gas flow are used to remove volatized pollutants. Contaminated
air flows through an inert medium where continuous supply of liquids containing
nutrients for microorganisms flows concurrently. Biotrickling filters are primarily
used to remove gases with acidic compounds [64]. Bedding materials such as struc-
tured plastics, random dump plastics, resins, ceramics, celite, polyurethane foam,
and lava rock are suggested [63]. Microbial inoculation of these inert materials is
essential for operation. Recommended trickling velocities range from 0.01 to
10 m h~! and recirculation is fundamental for optimal degradation of polluted gases.
Following is an example of a biotrickling filter.
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Bioscrubber

Bioscrubbers are common in industrial applications for the degradation of vaporiz-
ing solvent pollutant from coating facilities, carboxyl acids, esters, heterocyclic sul-
fur and nitrogen components, mercaptans, phenols, and sulfides [63]. Influential
parameters include pH, nutrient concentration, and operational parameters such as
low-pressure drop, which can be controlled [65]. Scrubbers are capable of treating
higher concentrations of polluted gases compared to alternative biofilter systems;
capacity ranges from 3000 to 4000 m® m= h™! [66].

7.3.3 Use of Mature Compost

Yang conducted research on the incorporation of mature compost into kitchen waste
composting and its effect on gaseous emissions [67]. Mature compost is on site,
porous, and a microbial-rich material well suited for biofiltration. Incorporation into
composting is done is via direct mixing, used as a covering agent, or used as a sepa-
rate filtering process. Research was conducted through experimentation of three
reactors, one with directly mixed mature compost, one with mature compost cover,
and one with no incorporation. Results showed no difference in reactor tempera-
tures in insulated forced aeration reactors. NH; N,O, and CH, emissions varied
greatly among the three reactors [68].

The greatest reduction in NH; emission was in the reactor with mixed compost,
a 58% reduction over 35 days was observed. Reduction in ammonia loss may be
contributed to physiochemical absorption of NH,", urea, and uric acid. The covered
pile witnesses a 21% reduction in NH; emission [68].

CH, emissions were significant in the first 10 days of operation, then decreased
gradually to undetectable levels in all treatments. Due to high presence of initial
organics, resources and environmental conditions aided the growth of anaerobic
bacteria. During the thermophilic phase (days 3-20), CH, emissions were consider-
able where O, content decreased significantly. In the reactor of mixed mature com-
post, CH, emissions were reduced by 44.8%. In the covered reactor, a 36.2%
reduction was observed. The increased porosity and ventilation are considered
responsible for reduced emissions.

N,O emission was a concern at initial composting and greatest in the thermo-
philic phase. Initial emissions are a result of denitrifying microbial populations,
under environmental conditions of O, scarcity and NO,~ abundance. In the thermo-
philic phase, high temperatures(>40 °C) inhibit nitrifiers and increase N,O emission
due to NH," oxidation by methanotrophs [67]. A 73.6% reduction was observed in
the mixed reactor, and a 37.6% reduction in the covered reactor. Mature compost
from manure or sewer sludge could considerably enhance N,O emissions. High
nitrate and nitrite levels could result in intense nitrous oxide emissions stemming
for denitrification [69, 70].
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Conclusion

Mature compost greatly reduces gaseous emissions during composting. Mixed
Compost provides the greatest results for increased duration of filtration from forced
aeration inlet. Mature compost also decreased the C/N ratio considerably more dur-
ing treatment. Enhanced biodegradation of organic matter, accelerated succession
of microbial communities, maintenance of microbial diversity, and increased physi-
cal structure may be the responsible [68].

7.4 Leachate

Generation of leachate from composting occurs in large quantities. Compost leach-
ate contains high concentrations of dissolved biodegradable and nonbiodegradable
compounds and therefore poses a potential risk to local streams and aquifers. Shu
et al. state the most common technique for leachate treatment is biological degrada-
tion [71]. Anaerobic digester—activated sludge, anaerobic sequencing batch reac-
tors, and up flow anaerobic sludge blankets have been used in leachate treatment.
Leachate effluent often cannot meet stringent discharge regulations. Shu et al. pro-
pose membrane filtration as a prominent solution [71].

7.4.1 Membrane Filtration

Membrane filtration uses semipermeable skins and is subject to serious fouling.
Chemical coagulation is sued to remove suspended solids, colloid particles, nonbio-
degradable organic compounds, and heavy metals. Ferrous or aluminum salts are
used for coagulation, flocculation with organic components, or colloid particles pro-
duce bulky floccules that settle. Shu et al. conducted an experiment where 15 L of
compost leachate was coagulated in a beaker and allowed to settle for 2 h, then fil-
tered through a manufactured nanofiltration membrane.

Chemical coagulation and nanofiltration proved to be a successful method to for
leachate treatment. Removal efficiencies for turbidity (75.3%) and COD (62.8%)
were observed in chemical coagulation. The removal efficiency for nanofiltration
process was about 89.7% of COD, 78.2% of TOC, 72.5% of TN, 83.2% of TP, and
78.6% of NH5;—N. Effluent concentration of COD, NH;-N, TOC, and SS was 92, 21,
73, and 23 mg L', respectively [71].

7.4.2 Constructed Wetlands
Treatment for leachate treatment could be the construction of wetlands that mimic

their natural counterpart. Low maintenance, low energy, and benefits to our natural
ecosystem help support this method. High influent concentrations are problematic
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for all treatments and pretreatment can be used. Constructed wetlands are com-
monly used for tertiary treatment, but on large scale could be used solely. Leachate
for watering compost windrows [72], settling basins [73], or stabilization lagoons
[74] to more advanced processes like sludge digesters [75], usage of coagulants, or
biofilters [76] have been studied. Leachate dilution is also a method to reduce high
concentration.

Bakshoodeh et al. experimented with 1.5 m*0.5 m*0.5 m stainless steel boxes,
filled with fine gravel to provide a uniform flow distribution at inlet and outlet areas.
Fine sand and vetiver plants made the treatment zone [77].

Final concentrations of the contaminants, even in the Vetiver CW with removal
efficiencies of 53.7%, 74.5%, 69.9%, 73.5%, and 73.4% for COD, BOD5, NH;—N,
NO;-N, and TN, respectively, are still too high for release to the environment [77].
Exploration into various wetlands plants for application and pretreatment methods
should be analyzed for further improvement. Initial costs of a constructed wetlands
could be minimal, operational costs and maintenance low, and benefits large for
leachate treatment and natural ecosystems. I recommend constructed wetlands for
all tertiary treatment especially in the composting industry.

8 Decentralized Composting

The greatest contribution a compost engineer can make would be furthering decen-
tralized composting. Immeasurable benefits would arise from individuals being
responsible for their own waste management. Composting may reduce waste pro-
duction, garner support for greener waste management, instill passions for garden-
ing, bring families together, reduce the most nonpoint fertilizer and pesticide
pollution, and compost the most waste.

Industrial food waste, manure, and sludge must be composted on a large scale. A
balance between both residential, community, and industrial practices would bring
the most reduction to the dependency on landfills to decompose biodegradable waste.

9 Applications

9.1 Microbial Fuel Cells

Electricity is often generated from an electron-rich anode to an electron acceptor,
cathode. Oxygen is the strongest electron acceptor. Therefore, most energy transfor-
mations are aerobic oxygen is the strongest electron acceptor and therefore causes
most energy transformations to be aerobic. Nitrates, sulfates, Iron, and manganese
are prominent electron acceptors when oxygen is not present. MFCs are bioelectro-
chemical transducers that convert microbial reducing power into electric energy,
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while electrons released from anaerobic degradation could flow toward greater
enthalpy when oxygen is present in abundance. Say, an anode in a hydrophobic
rhizosphere to a cathode in the atmosphere. It is the most direct form of energy
production from autotrophs, which results in no carbon emission, and depends on
plants and soil ecosystems.

Mogsud 2014 investigated compost in plant microbial fuel cells for bioelectricity
generation. Mosqud concluded that compost added plant growth and enhanced volt-
age generation [78]. The power density became three times more when compost
was added.

9.2 Compost Solar Tower

Heat is generated from microbial decomposition of organic material. Anderson
et al. proposed and constructed a solar tower/waste to energy facility [79].

Turbines, placed in a solar chimney above a composting pile, offer a very green
solution to both waste management and energy production. Incorporated with alter-
native methods of energy production will help if ever a transformation from nonre-
newable sources occurs.

10 Bioeconomy

Global annual generation of food loss and waste amounts to 4.4 Giga tonnes equiva-
lent of carbon dioxide, which is about 8% of total anthropogenic GHG emissions
and only slightly less than that of global road transportation [80].

Food waste produces only methane and landfills. The three R’s applied to food
waste offer exciting possibilities for alternative waste management. First, food
waste should be reduced. Disposal behavior is based on culture and personal choice;
one could hope for improved attitudes, but waste generation per capita per day is
always increasing. Then we are left to reuse and recycle. Food waste is generated
from agriculture and meat production (chickens, pigs, and cows). With demand
increasing for these industries, especially the latter, resource depletion will worsen.
Waste management should look to aid these industries or be used as a free resource
to compete against gross industrial agriculture and meat production.

10.1 Food Waste Industry

Food waste is a very valuable resource and should be used for applications with less
stringent regulation. The Swine Health Protection Act stipulates food waste contain-
ing animal parts must be heat-treated at 100 °C for 30 min at licensed operations to
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qualify for swine feeding [81]. It is illegal to feed mammalian protein to ruminant
animals for concern of bovine spongiform encephalopathy (mad cow disease).
Alternative uses for food waste begin very high on the commercial food chain and
continue until the production of humic substances. Uses for livestock feed, insect
production, algae production, worm production, biofuel production, and other bio-
based products could be researched.

11 Summary

Composting is an exciting industry, where study of microbiology and natural cycles
are applied to the operation of biological reactors to reduce pollution, aid degraded
lands, and improve agricultural sustainability.

Disposal of material deemed no longer useful is excessive and growing at alarm-
ing rates. “The generation of municipal solid waste per capita was 2.68 pounds per
day in 1960. By 1970, it had grown to 3.25 pounds per day and by 1980 it was 3.66
pounds per day. By 2010, the daily generation of municipal solid waste per capita
had reached 4.44 pounds” [1]. Food and other biodegradable wastes are an essential
concern. The availability of better technology and the perishability of valuable
resources are strong support for a change of industry standard. An understanding of
biological systems and the environmental impact of engineered systems is leading
to positive change in waste management and this chapter analyzed composting as a
critical means. Composting of biodegradable waste (BW) is largely dependent on
favorable conditions for microbial populations. I would like to consider Landfills,
Landfill Bioreactors, Composting, and Natural wastewater treatment as a contin-
uum on the treatment of labor/ecosystems in biodegradation and the pollution gen-
erated. It is evident that favorable conditions for decomposers produce greater rates
of decomposition and greater utilization of effluent material. We rely greatly on
microorganisms, and a symbiotic relationship proves to be the most beneficial to our
ecosystem’s success.

Low C/N ratios are not recommended for composting. Volatilization of ammonia
is a leading cause of acid rain and is inversely related to C/N ratio values. Ammonia
and nitrous acid are fatal to some fungal populations and species richness has proven
to be the greatest attribute time and again to ecosystem health and viability. In high
C/N piles, the percentage of nitrogen accumulation is considerably higher, produc-
ing greater nutrient content in compost piles and reduced emissions.

Water is necessary for composting. Microbial activity, including Hydrolysis
reactions, is dependent on the presence of water. Sharma and Poulsen studied oxy-
gen uptake in porous media using yard waste compost as a test medium [16]. Water
content from air dry to field capacity was analyzed under gas flow ranging from 0.2
to 2 L*min~"'. Increased water content improves nutrient supply to organisms and
biological activity but decreases the quantity of air-filled pores. Increased water
content produces inactive zones with little or no gas movement and hindered micro-
bial activity. Ideal moisture content is dependent on balancing these effects and is
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controlled by pore size distribution, organic matter content, water flow velocity,
water content, and influent air flow.

Critical to aerobic degradation of solid waste is oxygen supply. Adequate oxygen
supply is essential for catabolism and maturation of biodegradable waste. Insufficient
supply increases gaseous emissions, including the emission of odorous compounds
and greenhouse gases. Inadequate oxygen supply also promotes anaerobic degrada-
tion and the altering of environmental conditions, which become unable to house a
diverse microbial population. Inadequate supply also reduces the ability to reach
thermophilic phase and pathogen control, and increases the time to reach maturity.

Windrows attempt to supply oxygen demand through molecular diffusion and
natural draft ventilation, with periodic mechanical turning. If influent feedstock has
a high C/N ratio, an addition of mature compost is incorporated, or if odor and gas-
eous emission are not of great concern, this method may be used solely to aerobi-
cally degrade organic waste. The oxygen supply for biological decomposition
(stoichiometric demand) often needs windrow turning or alternative methods for
oxygen supply. Peak oxygen demand occurs early in processing and decreases after
thermophilic phase, windrow maturation after the thermophilic phase is reached is
common practice.

Stoichiometric oxygen is entirely dependent on feedstock. Oxygen is the termi-
nal electron acceptor in aerobic degradation of biological degradation. The absence
of O, is likely to lead to an accumulation of electric charge. Generated electron
remains static until the presence of O, is supplied. This is a passive process, resulting
in a low O, utilization due to uneven distribution of O, in the compost pile [20].
Gaseous flow in porous media will develop pathways of least resistance and will
produce many areas void of activity. It is well known that electrons can move under
an electric field. Electric field induction enhanced the flow of electrons from bio-
logical redox processed to oxygen, enhancing maturation and GHG emissions. It is
theorized that the addition of biochar and ferric acid would further optimize O,
utilization.

The physical structure of biological reactor is a key variable in operation. Air-
and water-filled pores, permeability, pore tortuosity, hydraulic conductivity, mois-
ture content, water-holding capacity, metric potential, and thermal conductivity are
all affected by the compost environment [24]. Biodegradable solid waste is hetero-
geneous and thus is the physical structure. Agostini reviewed the main properties of
the porous physical characteristics, phenomena, and simulation models for the man-
agement of biodegradable waste [25]. The initial microbial community, moisture
content, oxygen availability, physical availability to degradation, temperature, and
chemical composition determine the overall biodegradation rate. Computational
fluid dynamics have not been used extensively in compost science but could provide
physically sound and effective simulation.

The science of plant biosynthetic pathways is important to compost science
because the organic material formed will be the object of degradation. Application
into compost science would be highly beneficial, but time must be devoted to a new
field of science for application into a field with incorporation of so many. The goal
of composting coincides with the biodegradation of organic compounds and pro-
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duction of humic substances. Humic substances are resistant to biodegradation and
an essential addition to improve soil properties.

Ammonium is not very mobile in soils compared to nitrogen in the form of
nitrates (NO;™). The strong adsorption quality of ammonium causes uptake by
plants to be less common than that of Nitrates. Nitrates must be reduced prior to
utilization for amino acid construction, but ammonium can be immediately incorpo-
rated [40]. Therefore, both forms of nitrogen are incredibly important to plant
growth and subsequently the science of composting. Decomposition or mineraliza-
tion of organic nitrogen produces ammonia (NH;). Ammonia or ammonium can
produce one another and are dependent on the environmental ph. Ammonium is
mildly acidic and is nontoxic to fungi unlike its basic counterpart ammonia. If envi-
ronmental pH is low, more ammonia molecules will be converted to ammonium.

Community succession is highly dynamic, populations are often replaced in
changing environmental conditions. Zhang proposed high C/N ratios that promoted
the growth of nitrogen-fixing bacteria and suppressed denitrifying populations. Cao
demonstrated the effectiveness of microbial diversity on pathogen suppression [10],
and Neher demonstrated how composting methods change community dynamics
[46]. All three experiments incorporated manure as a feedstock, which provided
Bacteroides and firmicutes in abundance. Provided composting is the best waste
management practice for manure and natural decomposition originally involved
manure by large heterotrophs, I am happy for its incorporation. The digestive of
heterotrophs is also a highly evolved biological reactor to degrade food, so
incorporation into composting may aid time of maturity. The amount of manure
added to soils is unnatural but nutrient rich, as an abundant waste it should be incor-
porated into agriculture but it will probably further the mistreatment of soils. As a
readily available solution, it will prolong the acceptance and advocation of soil care,
minimal disturbance, and the return to agriculture as a community responsibility.
For fungi, Saccharomycetales was dominant in early composting. Saccharomycetales
are in the phylum Ascomycota and multiply by budding. Saccharomycetales are
believed to be dominant due to spore-like cellular structure that can withstand high
temperatures and low initial moisture contents. Acremonium alcalophilum and
Sordariales were dominant at ¢ = 3 days, Saccharomycetales was dominant at = 5
days, at t = 7 days Scedosporium, minutuisporum (32.65%), Aspergillus cibarius
(16.89%), and Thermomyces lanuginosus (9.42%) were the most abundant.

Most species are unable to endure temperatures that exceed 40 °C, which are
below the thermophilic range commonly associated with composting. Stabilization
of waste through composting as a prior stage has significant positive effects to the
field of vermicomposting.

Mogsud investigated compost in plant microbial fuel cells for bioelectricity gen-
eration and concluded that compost added plant growth and enhanced voltage gen-
eration [78]. The power density became three times more when compost was added.

Glycolytic intensity, in comparison to oxygen consumption intensity, is consid-
ered minimal under aerobic conditions for the majority of organisms. Energy
metabolization requires a complicated series of events. First, hydrolytic enzymes
are produced and transported to the surface of the substrate, then hydrolysis of sub-
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strate molecules into soluble fractions, diffusion transport to the cell, then through
biological membranes. The same series of events is required for the transport of
oxygen into the microbial cell, floc, or mycelia. Many biochemical reactions are
nonelementary homogeneous reactions, “those whose rate expressions cannot be
written from inspection of stoichiometric equation” [58]. Stoichiometric equations
do not produce reaction rate expression in many nonelementary reactions due to the
presence of enzymes, biological catalysts, which remain as free enzymes after the
formation of a product. These are known as Catalytic reactions. Microbial nutrition
is dependent on CHONPS and minerals. There may be other necessary nutrients,
but carbon, hydrogen, oxygen, nitrogen, phosphorus, and sulfur are essential for
cellular functions and microbial growth. Minerals such as potassium, calcium, iron,
molybdenum, cobalt, zinc, and copper are needed for various reactions; for instance,
potassium activates many enzymes.

Compost maturity is required for the presence of phytotoxic substances that can
cause plant injury. The plant seed germination index (GI) method is common for
maturity assessment. Alternatives exist to estimate maturity, but none as low cost
and easy to complete as the GI method. Pollution is a concern in the composting
industry, gaseous emissions and leachate are released from aerobic biodegradation
and must be considered in design. CO,, N,O, CH, contribute to global warming,
while NH; Sulphur compounds, and most of the volatile organic compounds
(VOCS) emission cause undesirable and other odor nuisances. Ideal physical and
chemical characteristics can greatly reduce emissions, proper C/N ratio, tortuosity,
and pH control are only a few important parameters that influence gaseous emis-
sions. High concentrations of VOCs are released during initial stages, biofiltration
is a BMP for treatment. Mature Compost is ideal as an additive to compost or as a
filter for gaseous emissions. Leachate is an industrial wastewater. Treatment opera-
tions can include membrane filtration but serious fouling is a continuous problem.
Constructed wetlands offering tertiary treatment for COD removal rates aren’t high
enough to deal with high concentrations of organic material.

Decentralized composting offers the greatest solution to the waste management
crisis. Microbial fuel cells increase productivity under the addition of compost to
wetland plants. A lot of heat is generated from composting and a potential source of
green energy [79].

11.1 Conclusion

In conclusion, producing food for plants makes composting an incredible field.
Food waste has many uses when it is disposed of, most of it probably still fit for
human consumption. Reducing waste production is ideal, but trends point to waste
management being responsible to improve food wastage. I believe the best waste
management practice for food waste is starting product reuse with high eukaryotic
organisms and transcending down the food web. Farming and compost engineering
could make a grand team to combat the disgraceful practices in both industries
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today. Food waste can be fed to livestock. Early domestication of pigs relied on food
waste as feed but vesicular exanthema, a viral swine disease, led state laws mandat-
ing heating of food waste material before refeeding [82]. Manure produced and
rotting food waste could be used for the production of maggots. Maggot farming is
an established industry and research will need to be completed for the establishment
of proper growth mediums and harvesting larvae. Then a biological reactor could
serve to mix influent materials, collect leachate, and allow for escalation to thermo-
philic temperatures with electric field induction. Mature compost should be used for
recirculation and as a static pile for biofiltration. Once temperature declines to
mesophilic ranges, vermicomposting could be used to complete maturation.
Leachate can be treated through common wastewater treatment operations; organic
loading is high and may need dilution. Trickling filters are recommended for low-
energy consumption. Tertiary treatment and energy production could stem from
constructed wetlands and microbial fuel cells. Microbial fuel-cell proton-exchange
membranes (PEM) are expensive and single-chamber reactors without PEMs are
being improved upon. Gaseous emissions are treated via biofiltrations and if odor is
a strong concern could be released at high elevations, and turbines may generate
energy through temperature differences with the outside environment. No one
method of composting is best, everyone should educate themselves and do as they
please, for all composting is good practice and in need of adoption.

Glossary

Biological process Biological processes are those processes that are vital for an
organism to live, and that shape its capacities for interacting with its environment.

Composting This process recycles various organic materials otherwise regarded as
waste products and produces a soil conditioner (the compost).

Constructed wetlands A constructed wetland is an engineered sequence of water
bodies designed to filter and treat waterborne pollutants found in sewage, indus-
trial effluent, or storm water runoff.

Electric field induction The production of an electromotive force (i.e., voltage)
across an electrical conductor in a changing magnetic field.

Food-processing waste Food-processing wastes contain a high amount of organic
components that could be converted into energy and then recovered in the form
of heat or electricity.

Maggot farming Maggot farming is the act of growing maggots for industry.

Microbial fuel cells A microbial fuel cell (MFC) is a bioelectrochemical system
that drives an electric current by using bacteria and a high-energy oxidant such
as O,, mimicking bacterial interactions found in nature.

Vermicompost Vermicompost is the product of earthworm digestion and aero-
bic decomposition using the activities of micro- and macroorganisms at room
temperature.
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Abstract Chemical industry wastewaters are diverse in composition ranging from
pharmaceutical products, polymers, petrochemicals, intermediates, and fertilizers.
The wastewaters from these industries contain both organic and inorganic materials.
They are further characterized by an abundant organics content and they can contain
traces of toxic pollutants as well. As such, care must be taken when handling and
treating these wastewaters. Additionally, pretreatment techniques are utilized to
separate inorganic matter. Common methods used for treating chemical industry
wastewater are trickling filters, rotating biological contactor (RBC), activated
sludge, or lagoons. Several case studies will be investigated throughout this paper to
discuss various methods for treating these types of wastewaters.

Keywords Oxidation - Anaerobic treatment - Aerobic treatment - Pretreatment -
Chemical industry wastewater treatment - Biological treatment

1 Environmental Practices of the Early Chemical Processing
Industry

Today, harsh chemicals continue to be released into the environment, poisoning
both plants and animal species. These chemicals derive from many sources.
However, one of the most prominent of them in the chemical industry. Even with
EPA regulations in place, the amount of wastewater generated from these industries
remains high. One of the main factors for this high amount of wastewater produc-
tion is the result of a long-lasting industrial production model and of a slowly
changing industrial mindset toward environmentalism.

The issue of corporate environmentalism didn’t become a major concern until
the late 1900s. It was until this time that changes toward more sustainable produc-
tion models were adopted by the US chemical industry. To understand the mindset
of chemical industries towards environmental issues prior to this time period, it is
essential to understand the relationship between organizations and institutions
evolved. Several federal lawsuits were analyzed to better understand the organiza-
tional structure of the U.S. industry. There were four historical stages that outline
environmental management within the US chemical industry [1].

The first stage took place between1962 and 1970. During this time, environmen-
tal issues were a low priority for booming industries. Approximately five environ-
mental articles appeared in Chemical Week. Although there were no federal
environmental cases filed, the concern about environmental issues emerged in com-
ing years. The first environmental event that received significant coverage was the
publication of Silent Spring by Rachel Carson. Her book identified that there was a
persistent presence of DDT in the food chain posing a hazard to all living organisms
including humans While Rachel Carson’s book was compelling, the journal dis-
missed her findings and deemed them as unrealistic. The journal ultimately con-
cluded that her data and methods lacked