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Chapter 1

1 Introduction

Past military and industrial activities have contaminated numerous
U.S. Army installations with metals, solvents, and explosives. Federal law
requires that the Department of the Army establish and implement an Instaiia-
tion Restoration Program (IRP) to clean up installations contaminated with
hazardous material. Early assessments of the IRP revealed the immense scope

of the needed restoration effort. Many of the contaminants found at these

h tallatinne ramiir ffa
sites are unique to military-related activities. The installations require effec-

tive, efficient, and economic solutions to solve the problems created by the
manufacturing, use, and disposal of hazardous and toxic materials, military
unique and otherwise.

Composting is a complex biogeochemical process occurring at elevated
temperatures. Haug (1993) defines composting as the biological decomposi-
tion and stabilization of organic substances under conditions that allow devel-
opment of mesophilic temperatures (approximately 35 °C) and thermophilic
temperatures (approximately 55 °C) as a result of biologically produced heat,
with a final product sufficiently stable for storage and application to land
without adverse environmental effects. Microorganisms such as bacteria and
fungi break down solid organic substrates through extracellular hydrolysis and
subsequent catabolic biodegradation, resulting in formation of heat, which
raises the temperature of compost piles. Although composting has been used
historically to improve soil fertility and stabilize municipal solid wastes
(MSW), until recently few researchers have recognized its potential to become
an economic and environment-friendly alternative remediation technology that
may replace the current practice of incineration.

Several researchers investigated the fate of polycyclic aromatic hydrocar—
bons (PAHs) during composting. Suler (1979) reported that a synthetic oil
was readily degraded in a composting system; however, crankcase oil waste
was found not only difficult to degrade, but inhibitory to the degradation of

organic substrates. Ryan, Kabrick, and Loehr (1988) discussed the successful

nl]()t—Q(‘ﬂ]P compostine ng system at Utah State University for treaung diesel-fuel

2ULTeLAll LUIPUST Stviil G Widal DG UiliViasavy

contammated soils. Szabo et al. (1988) observed that more than 50 percent of
PAHs disappeared after composting. Yusuf, Johnson, and Won (1991)
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investigated the mineralization of ring-labeled pyrene. They found that about
70 percent of original pyrene disappeared, but only about 20 percent was
converted to CO,. They assumed that the balance of the pyrene was biotrans-
formed into intermediate metabolites. This research did not show any evi-
dence for the assumption nor discuss the humification of the pyrene.

Composting was also used to treat soils and sediment contaminated with
explosive compounds. Louisiana Army Ammunition Plant (LAAP) lagoon
sediments contaminated with 2,4,6-trinitrotoluene (TNT), 1,3,5-hexahydro-
1,3,5-trinitrohydrazine (RDX), 1,3,5,7-hexahydro-1,3,5,7-tetranitrotriazine
(HMX), and n-2,4,6-tetranitro-N-methylaniline (Tetryl) were composted with
a mixture of horse manure, alfalfa, and horse feed in the form of ventilated
static compost piles (U.S. Army Toxic and Hazardous Materials Agency
(USATHAMA) 1988, Garg, Grasso, and Hoag 1991). For the U.S. Army,
the focus became the composting of soils contaminated with explosive com-
pounds. This focus led to the performance of pilot operations in three loca-
tions around the country: LAAP, Badger Army Ammunition Plant, and
Umatilla Army Depot Activity. Each of these investigations resulted in an
apparent reduction of explosive contamination (USATHAMA 1988). The
explosive compounds decreased with half-lives of 27.36 and 16.6 days for
mesophilic and thermophilic conditions, respectively. Williams and Myler
(1990) estimated the treatment cost of about $100 per ton of soil using com-
posting, which was compared favorably with the incineration costs of about
$250 per ton or higher.

Also, during the pilot work performed at Umatilla near Hermiston, WA,
an investigation regarding microbial seeding of active compost already accli-
mated to the explosive compounds was conducted. The seeding did not
improve the disappearance of explosive compounds from the contaminated
soils (U.S. Army Environmental Center (USAEC) 1993).

The results of these pioneering pilot investigations suggest the potential of
composting as an economical alternative technology to remediate soils contam-
inated with explosive compounds. Kaplan and Kaplan (1982a), however,
warned that the biochemical fate of a hazardous compound must be known
before composting could be considered as a viable treatment alternative.

Using a laboratory composting system and #C-TNT, Kaplan and Kaplan
(1982b) reported that no significant amount of CO, or volatile amines were
produced from degradation of TNT, and a majority of radioactivity was recov-
ered in the ether fraction. From further analysis, TNT, 2-amino-4,6-
dinitrotoluene (2ADNT), 4-amino-2,6-dinitrotoluene (4ADNT), 2,2°,6,6’-
tetranitro-4,4’-azoxytoluene, and 2’°,4,6,6’-tetranitro-2,4’-azoxytoluene were
recovered in solvent extracts after 91 days of composting at 55 °C. Approxi-
mately 22 percent of total radioactivity was recovered in the insoluble organic
matter fractions, which were separated into humic acid, fulvic acid, and
humin. Since these reduced TNT compounds were the major TNT biotrans-
formation products through the reductive pathway hypothesized by Levinson,
McCormick, and Feeherry (1976), Kaplan and Kaplan (1982b) postulated a
similar biotransformation scheme for TNT in compost. The end products of

Chapter 1 Introduction
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( 1982) Usmg laborato
treatability of TNT and RDX Althouzh most of mmal TNT oncentratlon
disappeared after 3 weeks of composting at 55 °C, less than 0.5 percent of
14C-TNT was recovered as “CO,. In contrast, a significant portion of RDX
was mineralized to 1*CO, (55.8 percent). Interestingly, only small quantities
of 2A- or 4A-DNTs, major mesophilic metabolites of the Kaplan and Kaplan’s
reductive composting biotransformation pathway, were found at the end of
incubation. They postulated that another unique composting biotransformation
pathway must be responsible for the incorporation of TNT into the solvent-
insoluble fractions. Isbister et al. (1984) speculated on the possibility of
Kapian and Kaplan not achieving proper composting environment and/or the
Iormauon of the reaucuve Dy—proaucts during drying or extraction procedures
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Munitions Denot Activity. Umatilla. O TJlcino radinlaheled TNT in a laho-
Munition pot Activity, Umatilla, OR. Using radiolabeled TNT in a labo
ratory composting system, they completed the mass balance of the TNT in
various compartments of the composting environment. The compartments

were acetonitrile and ether extractable, humic and fulvic acids, humin, and
cellulose fractions. More than half of the initial radioactivity was recovered
in the cellulose and humic fractions after 20 days of composting at approxi-
mately 50 °C. The stability of TNT and other by-products in those organic
fractions of the soil is not clearly understood at this time. The reductive TNT
by-products (4A-DNT and 2A-DNT) clearly increased after 20 days of com-
posting, which partially supported the Kaplan and Kaplan’s hypothesis. Also,
a significant portion of RDX was removed after 20 days of composting (about
68 percent), which compared well with 54- to 62-percent RDX reduction after
3 weeks of greenhouse composting reportecl by Doyle and Isbister (1982).
However, only 20 percent of added *C-RDX was recovered in the laboratory

compost systems after 3 weeks UJO}’IC and Isbister 1982 ).

L siv he potential danger of slowly leaching the bound
e oloswes and the by-products are not known at this time. The effects of
many variables, such as physicochemical and biological characteristics of
organic substrates and inert materials, other environmental conditions of -the
system on the fate of contaminants and the safety of the humified final prod-
ucts, and a better understanding of the ultimate fate of the compounds would
aid acceptance of composting as a remediation method by scientific and regu-
latory communities and speed public support. At this point, the best evidence
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of the benefits associated with composting are clear indications of contaminant
transformation and toxicity reduction

hensive remedlatlon comoostmg studv The future remediation c
experiments must be pursued in controlled environments. Without the bench-
scale remediation composting system, the high capital and operating costs of
pilot- or field-scale composting severely limit the much needed composting
research covering many experimental variables. The preliminary feasibility
and optimization, the ultimate fate of the contaminants, and the health risk of
composted products should be determined through the bench-scale tests.
Then, pilot-scale studies can be initiated to cover the scale-up factors and the
heterogeneity of field conditions, and, finally, successful field operations can
be impiemented.

to externally control the compost reactors at predefine d rnperatures (35 °C
for 1 day, 55 °C for 28 days, and 35 °C for about 16 days). Most previous
investigators have used similar apparatus for their 1°b0'ato—y—scaie composting
reactors. With this externally predefined temperature control, reproducibility
of data may be improved; however, many leading experts argue that it may
not adequately represent the actual composting process in which self-heating is
induced. A relatively high surface area-to-volume ratio compared with field
or pilot compost piles results in high conductive and convective heat los

S.
The heat generated from degradmg organic substrates may not be enough to
raise and maintain the thermophilic compost temperatures. It has been a
common perception among composting researchers and practitioners that the
minimum size of a pilot compost pile must be at least 25 to 50 yd? in order to
retain the heat (Hanif 1995).!

A few researchers used feed-back temperature control and heating systems
in order to minimize the heat loss and were able to maintain self-heating
induced thermophilic conditions (Cook, Bloom, and Halbach 1994; Hogan,

n oacyy PV VNIRRT P Y PN

Miiler, and Finstein 19259 Magalnaes et al. 1993) The smaiI bench—scale

mediation
1
I

'

1" To convert cubic yards to cubic meters, multiply by 0.7645549.
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Objectives
The objectives of this report are (a) to review principles of biochemical
process kinetics, mass and heat transfer, and major process parameters of the
remediation composting systems and (b) to provide a technical foundation for

standard bench-scale remediation composting process protocol.
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The 1mportant scientific and engineering considerations are process kinetics

of biodegradable organic substrates, biotransformation of contaminants, oxy-
gen and water vapor mass transport, and heat transfer within the compost
matrix. Substrate utilization kinetic information determines how fast sub-
strates are consumed by compost biomass. This activity in turn relates to
substrate oxidation and heat generation. If the biogeochemical pathway of the
contaminants in the compost produces environmentally safe by-products and
end products, the contaminant degradation/transformation kinetic information

Another important parameter is gas transfer. Oxygen acts as a terminal
electron acceptor for microorganisms in the aerobic compost matrix. Water
vapor absorbs heat from surroundings and evaporates into the unsaturated gas
phase. Mass transport of water vapor at the water surface determines how
fast water evaporates and, consequently, how fast it cools the compost. The
amount of heat generated from degradating organic substrates must be enough
to raise and maintain the compost temperature at thermophilic conditions,
balancing the heat loss through conduction, convection, and evaporation.

Kinetics of Organic Substrate Utilization

A compost reactor is a three-phase heterogenous system. Organic sub-
strates are in solid form, and the water is limited to bound water in the pore
space between the solid particles. Gas fills the rest of the pore space. Most
of the microorganisms attach to the substrate surface covered by water and
solubilize the substrates before uptake to the cell membranes.

Haug (1993) hypothesized the following metabolic sequence of the events
for organic substrates degradation.

Chapter 2 Process Kinetics, Mass and Heat Transfer of Composting
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b. The solid substrate is hydrolyzed into low molecular weight fragments
and into soluble fractions.

c. The solubilized substrate molecules are transported to the surface of
cells and subsequently into the cells.

d. Oxygen is bulk transported from the pore air space through the liquid
layers and into the cells.

substrates are solublllzed b y hydrolas eleased bv anaeroblc microorganisms.
Therefore, the digested sludge will contam solid substrates that are resistant to
hydrolysis. Assuming hydrolytic enzymatic reaction sequences similar to that
of Michael Menten’s saturation kinetic, the hydrolysis kinetic is expressed as
(Haug 1993):

v = -ds/dt = (kya,e)! (K, + e) Y]

where

v = rate of hydrolysis reaction

I — rato anaffiaiant

Ry = laltC CUCILLILICILIL

a, = total number of reaction sites per unit volume of substrate
e, = total concentration of hydrolytic enzymes

K, = half-saturation concentration
t = time
s = substrate
Since the total enzyme concentration and the total number of reaction sites per

unit volume of substrate can be related to a biomass concentration (X) and a
specific surface area of substrate (a,), Equation 1 becomes

Chapter 2 Process Kinetics, Mass and Heat Transfer of Composting
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where
k = maximum rate of solid substrate hydrolysis
K, = half-saturation concentration
= biomass concentration

Once the solid substrate is solubilized, the Monod kinetic model can be used
to describe the substrate depletion rate.

-dSsidt = (km Ss X)/ (Ks + Ss) 2)
‘Ylhﬂrﬂ
YYiiviw
S, = soluble substrate concentration
k. = maximum soluble substrate utilization rate

K, = half-saturation concentration for soluble substrate

The hydrolysis reaction rate changes from first order to zero order with
respect to X as the biomass concentration increases as shown in Figure 2. In
other words, the solubilization rate increases with the increase in biomass
concentration up to a maximum value and stays the same regardless of the
biomass concentration. However, the soluble substrate utilization rate
increases linearly with the increase in biomass concentration.

Instead of using above solubilization and substrate degradation kinetics,
Haug (1993) used a simple empirical ﬁrst order reaction rate with respect t
Lindanmendahla sralasila oa~1d 2 dhn ancncmnat menhalle, dicn 4~ +lan ~~semsalacriic: ~F
UlUUCg.l UdUIC VOIdLLIIC dOIIU 111 UIC C ll.lpUbl. Pl 0 Uly auc Lo uic Co uplc;uty Ul
tha amiatinne imahilityr +4 Altain naraccarmr LFrinarin nararmatare and smiathamnts
e C\i LIVILLD, illaUllli LU Uvialll 11eLidda. y A1CLIV pdl ICLCL1D, dllu lliaullClliaii=
ral cimmnlificatinn Af tha ﬁrof;nrr‘nr raantinn rata
vai Olllll.lllll\/a-l'l\lll Vi Wil 111007TVIAUVL 1vaAviivil 1alv.

AMYUN / dr = - (RUQ) (4)
Au\uvu}lub l\d\UVU} \ '/
where

BVS = biodegradable volatile solid

k, = rate constant

Chapter 2 Process Kinetics, Mass and Heat Transfer of Composting



sjppow aneupy sisAjolpAy onewAzuy ‘g a.nbiyg

(X) uoneuadU0Y) SSELLOIE

ejey s|sA|oIpAH usjus-fesUoI

N

e
et e et e

aley SISA|0IPAH JeplO oleZ

ejey sIsAjoIpAH JepIO 15414

Chapter 2 Process Kinetics, Mass and Heat Transfer of Composting




—~~

N

©)

L

(=)

”

of volatile solids, Haug (1993) estimated the temperature dependency of k as:

, Or noncompostable dry mass

”

reported by Haug (1993) because Keener’s values are for higher temperatures.

um

Using the data from Schultze (1962) and assuming 50-percent biodegradability

compost dry mass at any time
initial compost dry mass

equilibr

kl

VESs C

o

m

In contrast to the above first-order empirical kinetic models, Hamelers

me
mO
alf-li ] k 7 .
3.6 days for 0.19 day’!. These values of k are considerably higher than that
(1993

where

) developed a more mechanistic model, the composting particle kinetic
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The water contains dissolved organic and inorganic spe-

In this model, the solid matrix contains micropores holding
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model (CPK).

1

both fluid and air.
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.- = hydrolysis rate
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rate constant

‘!uh
Il

solid or polymeric substrate concentration

When the biomass concentration is very small compared to K,, Equation 7
becomes a special case of Equation 3. Using the double Monod model to
account for both soluble substrates and oxygen concentrations, transport of the
substrates, and oxygen via molecular diffusion, Hamelers derived a set of
partial differential equations describing the concentrations of substrates and
oxygen with respect to time and space. An implicit finite difference method
was used to solve the equations. From the sensitivity analysis, three different
egradation periods were identified. Initially, the biomass concentration
i i ncreased, biomass became less
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process at the end.

Hamelers argued that the empirical substrate-only models could not explain
the initial surge and the gradual decline of oxygen uptake rate (OUR) typically
observed in respirometric analysis. Also, the substrate-only model could not
predict the effects of compost particle size, mixing, or turning on the com-
posting process. Although the model can be useful for understanding the
composting process, the complexity of the model requires estimation of many
model parameters and numerical solutions of a system of nonlinear partial
differential equations.

Kinetics of Expiosive Compound Degradation/
Transformation

Explosive compounds are mineralized/biotransformed to varying extent.
Previous studies indicated that while significant portions of RDX, HMX,
tetryl, and nitro-cellulose were mineralized during composting (Doyle and
Isbister 1982; Doyle et al. 1986), TNT was not mineralized, but biotrans-
formed and incorporated into humic substance during composting (Pennington
et al. 1990). An empirical first-order rate with respect to explosive compound
concentration typically has been used to describe the disappearance of the
contaminants regardless of their fates during composting (USAEC 1993;
Doyle et al. 1986). The transformation rates of the contaminants were treated

Chapter 2 Process Kinetics, Mass and Heat Transfer of Composting
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TNT and many hazardous contaminants are biodegraded/transformed by
cometabolic process (Boopathy et al. 1994 a,b; Phelps et al. 1990; Strand,
Bjelland, and Stensel 1990). Boopathy et al. (1994a) working with pure
cultures isolated four Pseudomonas spp. from the soil contaminated with
TNT. Among the isolates, less than 1 percent mineralized to CO,, 6 to
13 percent converted TNT into cell mass (trichloroacetic acid precipitable
material), and the remainder transformed to the reductive intermediates,
amino-dinitrotoluenes. Growth substrate of succinate was necessary to pro-
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mote growth of the isolates and the transformation of TNT, which suggest a
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Microoroanisms receivine () 3-nercent molagses trancformed 1 nnm of TNT
Microorganisms recerving U.3-percent moiasses transiormed 100 ppm of 1N1
within 12 hr of incubation; whereas, the microorganisms receiving other
carbon sources required more than 100 hr. Very little TNT (1 to 2 percent)

was mineralized t major transformation intermediates were
aminodinitrotoluenes. These knietics are not definitive, however, and more
comprehensive kinetic expressions are needed to describe such cometabolic

processes.
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Most cometabolic kinetic studies focus on the transformation of nongrowth
substrates by resting cells in the absence of growth substrates (Criddle,
DeWitt, and McCarty 1990; Galli and McCarty 1989; Saez and Rittman 1991;
Alexander, Schmidt, and Simpkins 1985). However, the rates and the extent
of biotransformation of cometabolites are strongly affected by the presence of
growth and energy substrates. Criddie (1993) developed a cometablic kinetic
mode] for a system without competitive inhibition between the growth and
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nongrowth substrates. The growth substrate utilization rate was expressed
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s, = growth substrate concentration

k, = maximum specific growth substrate utilization rate

K, = half-saturation concentration of growth substrate -
X = active biomass concentration *
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linked with the growth su zation rat
-dCldt = [T, (-ds /Xdr) + k J(CX/(K, + C)] )
where
C = cometabolite concentration
k. = maximum specific utilization rate of cometabolite
K., = half-saturation concentration of cometabolite
Lo ad — memesrtle acslo e oa O L /__ ma g omax
1y = growth substrate transformation capacity (= M,/ M,)
M, = mass of cometabolite
= macs of orowth eiithgtrate
J.'.Lg ARRADOD VA 6L\I VY RiL DUUOLLALW
Assuming that cometabolism imposes additional maintenance burden on the
cell mass, the following equation for the specific biomass growth rate was
hypothesized (Chang, Voice, and Criddle 1993)
mu, = Y, (-ds,/dt) - b - 1T, (-dCldf) (10)
b4 m > b4 4 gic™ 7

where

Y,, = maximum biomass yield

|

mu, = specific biomass growth rate

= first-order endogenous decay coefficient
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In addition to the cometabolic process, the toxic or inhibitory effects of the
explosive contaminants on the substrate degradation require consideration.
Unless organic substrates are properly utilized for cell growth and provide the
maintenance energy requirements, free from the negative toxic or inhibitory
effects of contaminants, the amount of cell mass will not be sufficient for
effective remediation. Furthermore, if the contaminants are toxic or

Chapter 2 Process Kinetics, Mass and Heat Transfer of Composting



significantly inhibitory, the compost temperature will not be raised to the
optimal thermophilic conditions; conseauently. valuable thermophilic microor-
ptimal thermophilic conditions; conse quentl y, valuable thermophilic microor
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o assume the composting system as a thermodynamically closed system.
Then, the first law of the thermodynamics (i.e., conservation of energy) can
be applied to the composting system to evaluate the relationship of various
heat transfer terms, which can be used later to properly design and operate the
process. The energy balance of an idealized compost reactor is shown in

Figure 3.

The energy balance equation based on the first law for the ideal compost
system assuming negligible radiative energy loss is

Q. =0Q0r+0, -0y - W 11)

.......
WI1ICIC

Q. = accumulation rate of thermal energy of compost system

- = enerov releage rate resultino from substrate deoradation

Qr = energy release rate resulting from substrate degradation

0O, = net heat transfer into/out of compost by air flow

Q, = total heat loss rate from compost system through reactor wall

w = work done by compost system

Since the volume of the compost reactor does not change to an important
extent and the reactor is static (not moving), the work done by the compost
system will be negligible. The rate of thermal energy accumulated inside the
compost system (Q,) can be estimated using specific heat capacity at constant
pressure (C,).

0, =p,V,C, dTldt (12

Chapter 2 Process Kinetics, Mass and Heat Transfer of Composting
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p. = bulk compost wet density

V. = volume of compost
C, = heat capacity of compost matrix
T = temperature of compost
t = time
Mears et al. (1975) developed an empirical relationship for estimating the
heat capacity and the thermal conductivity of compost material made of swine
waste and straw. The specific capacity and the thermal conductivity were
related with moisture content of the compost material.
C, = 0.1551 + 0.00813 M (13)
K; =2071 + 0.0341 M (14)
1c
where
C, = heat capacity, cal/g-C
M = moisture content, percent
Ky, = thermal conductivity, cal/hr-cm-C
At 100-percent moisture content, both C, and K, rC values approach the
values for water according to Equations 13 and 14; therefore, Haug (1993)
assumed that thermodynamic analysis of water and solid fractions of compost
can be treated separately
The rate of heat generated from degradation of organic substrates is
.Qp = -(d(BVS)/dr) Hy (15)
where

d(BVS)/dt = substrate degradation or destruction rate
Hpy = heat of reaction

Available organic substrates including biomass are, over time, converted to
CO, and H,O. As a resuit, the heat of combustion of common organic

—
~N
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substrates may be used to estimate the amount of heat released from degrada-
tion. Since metabolic microbial reactions occur in a hydrated environment
whether conducted in the cellular cytoplasm or by extracellular enzymes, the
end product H,O is also in aqueous state. The values of heat of combustion
must be such that the water produced is in aqueous state, rather than the
gaseous state found in common heat of combustion tables. It requires more
heat to condense the water, which is called the higher heat value (HHV) of
combustion. The HHVs of combustion of common organic substrates are
shown in Table 1.

Table 1

Heats of Combustion of Common Organic Substrates
Substrate HHV, cal/g Rreference
Glucose 3,740 !
Wood (air dried) 3,060 !
Digested sludge (dry solids) 2,950 !
Municipal refuse (20-percent moisture) 2,720 !
Siudge (dry, ash-free) 5,560 !
Alfalfa seed straw 4,410 z
Wheat straw 4,185 z
Popular 4,632 2
Sudan grass 4,156 2
Sugarcane bagasse 4,142 2
Rice hulls 3,858 2

1 Haug (1993).

< Ebeling and Jenkins (1985).
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= biodegradability of component I

J,i = mass fraction of volatile solid to dry solid of component I
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DS;

i

dry solid of component I

H_; = heat of combustion for component I
For example, consider a compost mix (DS = 4,331 g and 43.7-percent
moisture content) containing 5.6 £ of cow manure (bulk density = 747.0 g/f),

5.6 ¢ of alfalfa (bulk density = 112.0 g/#) and 2.8 ¢ of contaminated soil
(bulk density = 1,028.2 g/f). From initial laboratory analysis, the moisture
contents and the volatile solid (VS) percents have been determined as shown

in Table 2. Haug (1993) reported that 56.4 percent of cow manure VS and
77.2 percent of corn stalks VS were biodegradable. It is reasonable to assume
£
I

PR IR, I SN . D S5 BN al o e 11 % .1 1L 10
that the biodegradabilities of the corn staiks and the aifalfa are the same,
linAdameadaliliter ~AF on3l VUQ S0 pavn~ atmmms ~nnlsr o0 manliailala aees azeae 4 AL XTQ S
UIVUCELaUdUilIly Ul dUll VO D £LC1U SIICTC vllYy 4 1i gllglUlC 4alllOUIil O1 vo lb
nracant 11 tha cenil and tha hant Af ~camhnictinn AfF ARy smaniea 30 aq~rial ¢4 ¢has
PLCDCIIL 111 L1IT JVUIl, d4dliu UL livdal VUl VULIIDUDLIVILLE Ul CUW 1114allulc 1D cqua.l L Liidt
of chidoe 1n Tahle 1
wvi oxuusv All A QQULAN 1.
Table 2
Moisture Contents and VS Fractions of a Compost Mix
Component Percent ioisture Percent Volatile Solid
Cow Manure 70.5 59
Alfalfa 2.4 84.9
Soil 13.7 2
The heat of reaction for this compost mix is then caiculated using Equation 16
aemAd Talla N
diid 1dvIC £
Irr — /& £ ONITAT N ~ 10N 1NNO7 - TN ZOINIEQ NOINIEL AQINIE ELNN ~~T11 -0\
op = [(0.04)(/4/7.U g/t )(10U7% 1U.370 (OF.U 7 )(30.470 )(5,50U calig)
+ (5.6 £)(112.0 g/£)(100% - 2.4%)(84.9%)(77.2%)(4,410 cal/g) a7
+ 0]/ [(5.6 £)(747.0 g/£)(100% - 70.5%)(59.0%)(56.4 %)
L I8 L ONT11D) N SIONTNNO0T _ D) AOZNIQA QOINTT DOZN — A QQD ~~1/~_DIICT
+ (.00 )(L1L.VU E/L LUV 70 2. F70)OFTON/1.£70) = 4,99LCALIZ—DVI]

where BVS is the biodegradable volatile solid.

The value of 4,992 cal/g-BVS appears to be somewhat higher. Consider-
ing the total dry mass of the compost mix, the heat value of the compost mix

Lo e FA DNOAANOT1ANTIZA A1 . NS 17 THO h W &4 § PN PR T o LIPS
DECOINICS (4,IJLNOLL)/(4,301) = YO0 caug-u.). nogan IVILIICT, and rinstein
1000\ cnensdad &7T0 -4 L£N0 Anl/ne MO e ¢hate Ancvvemna PO Y . S, S, Sy
\1707) ICPUI LCU 070 WU VLO bdllg—UD 101 l.llCll bUlllpUbl HHA COIILdI1ILL lg I1CC
hulls and rice flour.

The net heat transfer into or out of the comnost svstem bv the air flow ig
1n€e net heat transier 1nto or out of the compost system Dy the air Iiow 1s
D = AT = ha(T - T) (18)
Xq vpa L B ie Lo \ 4 £ 0/ N 7
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where
a = volumetric surface area of compost matrix
C,, = heat capacity of air
h = heat transfer coefficient inside compost matrix

p, = density of air

G = volumetric air flow rate

T, = exit air temperature
The compost reactor loses heat through the reactor wall and by evaporation
of water from the compost matrix by air flow. The evaporative heat loss can
be estimated using the latent heat of vaporization of water and the mass trans-
fer rate of water vapor away from the evaporation site
0, = H,(dm, /dt) (19)
where
H, = heat of vaporization
dm,/dt = water evaporation rate
The water evaporation rate by the air flow is
dm,jdt = -k,a(H; - H) (20)
‘!1"\5!1‘9
wiiviv

H, = humidity of air exiting compost reactor
Assuming the compost reactor resembles a packed bed reactor filled with

compost particles, the water vapor mass transfer coefficient may be estimated
from a correlation for packed bed (Wakao and Kaguei 1982).

Sh =2 + 1.1Sc®Re®$for3 < Re < 3,000 e3))
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where
Sh = Sherwood number (= £, dp/D)
k,, = mass transfer coefficient

d, = particle diameter

D = molecular diffusivity

Sc = Schmidt number (= u/p D)
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The overall heat transfer coefficient (U) conveniently characterizes the heat
transfer through the reactor wall, insulating materials, and finally to the sur-
rounding environment (Q,).

0,=UAT-T,) (22)

where
A = total surface area of compost reactor wall
T,, = ambient temperature

The overall heat transfer coefficient of the reactor wall surrounded by
nsulating materials or by water jackets is estimated using the electric resis-

where R; is the thermal resistance of each heat transfer medium.

B ]

For conductive heat transfer, the resistance is

R, = LIK; (24)

c
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where
K; = thermal conductivity
L = wall thickness
= conductive thermal resistance

For convective heat transfer outside of the reactor wall, the resistance is

R, = 1, (25)
where
h, = heat transfer coefficient
R, = convective thermal resistance

v

Oxygen mass transport through the compost matrix is also important.
Haug (1993) used the two-film theory in order to estimate the oxygen transfer
efficiency and the subsequent aeration time. Physical process description of
the oxygen transport model was unclear and unconvincing. Another approach
considers the compost reactor as a packed bed reactor filled with spherical
compost particles. As a result, the mass transfer coefficient can be estimated
from Equation 21. Knowing the oxygen mass transfer coefficient for the
compost reactor, the oxygen mass transfer rate is then calculated as:

dm,ldt = k,a(C, - C) (26)

where
m,, = mass oxygen transferred

a = specific surface area

)
It

saturation dissolved oxygen (DO) concentration

a,
I

DO of water film in compost matrix
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Successful design and operation of bench-scale remediation composting
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vides a conduit for nutrient movement through the compost pile, space for the
growth of microbial communities, and a reservoir for moisture held in the
compost mixture. Free air space is that portion of the pore space occupied by
gas and not liquid. Free air space is critical for the movement of oxygen and
other gases into and through the compost matrix by either diffusion, convec-

tion, or forced ventilation.

Figure 1 provides an illustration of the compost matrix in an idealized
three-phase representation. The purpose of the idealized representation is to
provide a concept of how a representative portion of the matrix might appear
in nature. In this idealized representation, solid particies lie against one

PR, IR, [ o S S

another in a random fashion.
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w
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Between the particles, a void space is formed. This region is the pore
space. In the pore space, varying amounts of liquid and/or gas may be pre-
sent. The gas/liquid ratio has a profound impact on the efficiency of the
compost operations and the efficacy of the treatment process. When the pore
space is completely filled with water, oxygen within the system may become
limiting and would become anaerobic. Also, the physical strength of the com-
post matrix will be undermined. Although this example is extreme, it high-
lights the importance of the interaction of solid particles, pore space, and the
free air space in the definition of the physical nature of the compost matrix.

B Ik property may be used to gain insight into the compost matrix porosity
e free air space The porosity or the percent pore space (n) is defined

e ratio of void voiume (V ) to the total volume (V).

n=V,/V, 2

=(V,-V)V,=1-VJV (28)
A 4 5/ r 5 4

The solid volume of the compost is calculated as:

V, = DS/p,, 29
where
DS = dry mass of compost
pgs = true density of dry compost

Free airspace (FAS) is the ratio of the empty pore space (V,), or void
volume not occupied by water, to the total volume
FAS =V /V. = (V-V-VYV. =1 - V. + V.)/V] (30)
a i AR 4 3 w’ r LA 4 w/ j21
where

V,, = volume of water

<
]

, = empty pore space
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The volume of water is estimated from the mass of water evaporated dur-
ing the dry solid measurement and the bulk wet density of compost (rh0,).

V, = oV, - DS 31)

FAS may be managed by selection of the amendments and bulking agents.
The definition of a bulking agent is a material added to a compost system to
reduce bulk density and increase FAS. Bulking agent and amendment selec-
tion are perhaps two of the most critical design decisions. The selection of
these will influence the nature of the compost, the efficiency of the operation,
and the economics of the system. Research indicates that the optimal biologi-
cal activity occurs with an FAS ranging from 0.20 to 0.35 (Haug 1993).

Moisture content

Water is the principal liquid of life on earth. It is the solvent in which all
known biochemical relations occur, and an understanding of the role of water
in compost design is of paramount importance. Beyond the role of water as a
biochemical solvent, water in compost systems has an even larger multifaced
role. Water plays a key role in cooling of the compost systems. Also, mois-
ture content influences the nutrient movement and the compost matrix
structure.

As a biochemical solvent, aqueous solutions are theoretically the ideal
media for biological activity. In a completely mixed aqueous system, sub-
strate is instantly available to the microbial community in equal concentration.
When nutrients are added to the system, the biomass will be very active and
immediately utilize the available substrate. However, in aqueous aerobic
systems, oxygen is often the limiting substrate due to its low solubility in
aqueous solutions. Aqueous bacterial reactor systems generally attempt to
improve oxygen transfer into solution by physical agitation or sparging of air.
Compost, a highly active aerobic system, can also suffer from oxygen limi-
tation. As a result, proper management of the air and water within the com-
post pore volume is critical. In general, FAS begins to become available
within the pore space in most compost systems at approximately 40-percent
solids (Haug 1993; Golueke 1991). Thus, 40-percent solid content is gener-
ally considered as the minimum for most compost systems without argumenta-
tion by forced aeration.

The moisture content (M) is calculated as

M=mjm, =p,V,IpV, (32)

c

where m,, is the water mass.
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The optimal moisture content reported by previous researchers varied from
45 to 90 percent (Haug 1993; Golueke 1991; Gotaas 1956; Poincelot 1975).
The reported optimal moisture content varied widely because of widely vary-
ing water -absorption capacity of soil particles and composting materials used
aerobic microbial activity occurred when the soil moisture content is two-
thirds of its water-holding capacity at one-third bar suction. Generaliy, a
5 percent is used. Above this range, the
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but the lack of moisture available to the microbial communities results in
growth-rate limitations and a loss of process efficiency.

Methods for moisture control in composting systems include amendment
selection and direct addition of water. For instance, paper material may
become soggy on wetting or decomposition. It will severely reduce porosity
and the necessary oxygen transfer. In hazardous waste compost operations,
amendments and bulking agents should be chosen to preclude the need for the
removal of excess water.

Particie size

r
J

IS T | ~ o A P PR
vVdarious SHICUUCIS dild OUICT ITHAIIE UCVILCS 41C USCU 10 oreaK aown anda
hAamiAaganiaa tha Aamemact smantariale 3mta amrallar and mamasanhla cimac Ciennna
nomogenizZe ui€ Compost maieridis iio Siiaucr ana m £C€a0IC SIZES. oSiNnce
mnot Af tha ramnnacting minrnhial antivitiae necnr Aan tha enrfara Af tha c“]'\=
A1IVJOL V1 LIV WUIL Ualllls 111V i VU1IAl awlivitivo ULwLwill Vil Liiv sulriavye Uil uiv suv
ctrate narticlec  emaller cize narticles. which offer laroer curface area annear
sirat€ partiCies, Small€r §1z¢€ parucCies, wilCn OL1€r 1arger suriace area, appear
to enhance the microbial reactions.

However, porosity of the compost matrix will decrease with the decrease in
particle size, and it will hinder the movement of oxygen and water in narrow
interstitial spaces between the small particles packed together tightly. Gener-
ally, particle size between 1.3 to 5 cm is used for composting to yield suffi-
ciently large surface area and, at the same time, to produce enough pore space
for efficient oxygen and substrate transport (Forster and Wase 1987). The
initial particle sizes appropriate for static piles and windrow systems are gen-
erally around 5 cm. Particle sizes as small as 1.3 cm have been used in
forced aeration systems.

Contaminated soii ioading
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period. The higher the ratio of contaminated soil in a unit volume of compost
given an equivalent microbial activity, the lower the overall cost of the system
on a unit basis. However, this economic incentive must be carefully balanced
for the possible inhibition by the contaminants on the compost microbial activ-
ities and for the decrease in compost temperature simply due to replacing
organic substrates with mostly inert soil. Loading the system with an excess
of inhibitory contaminant will slow microbial activities and result in an
increase of composting time or may cause a total process upset. As a resulit,
the compostmg process may not be able to reacn or ma1ntam a stable thermo-

pﬂlllC state for desired re
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Temperature

As the composting microorganisms degrade organic substrates, heat is
generated raising the compost temperature to the desired thermophilic condi-
tions. Microbial activities and chemical reactions are usually faster at higher
temperatures. For municipal solid wastes (MSW), retention of heat is also
necessary in order to sanitize the wastes. The retention and continual genera-
tion of heat are aepenaent upon the configuration, size, and 1nsu1aung prop—
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bclow 60 °C, and it will allow fungi a

nin portions of the substrates. Recentlv researchers agree tha 55 to 60 °C
is the optimal temperature range (Bollen 1985; Finstein and Miller 1985;
Haug 1993).

Chemical Factors

Carbon-to-nitrogen ratio (C/N)

Compost microorganisms require adequate levels of carbon sources and
nutrient sources including nitrogen, phosphorous, sulfur, and other trace
minerals and growth factors. Among these, carbon and nitrogen are usually
the limiting substrates, while other elements and nutrients are abundant in
composting processes. Chemical elemental analysis of soil microorganisms

N
~
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revealed that the cells in general contain about 50-percent C, 5-percent N, and
0.25- to 1-percent P on a dry weight basis (Alexander 1977). Assuming about
one-half to two-thirds of carbon is converted to CO, and the rest to cell mass,
the required C/N ratio would be between 23 and 35. The optimal ratios for
different composting materials ranged from 20 to 35 (Haug 1993; Gotaas
1956).

If the initial C/N ratio is too high (i.e., low nitrogen level), the microor-
ganisms pass through many life cycles to achieve a stable state, i.e., C/N of
about 10. This may not be desirabie for conventional MSW composting

ecause it will slow down the suosuate stabilization rate it may, however, be
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The C/N ratio of a remediation compost mix can be manipulated in order
to promote degradation of explosive compounds that usually contain a signifi-
cant amount of nitrogen. As Cook (1987) hypothesized, if the compost mix is
deliberately made with a high C/N ratio, certain species of compost micro-
organisms may be forced to attack the explosive compounds in order to utilize
nitrogen compounds. Similarly, if the C/N ratio of the compost mix is too
low, i.e., more than enough nitrogen for microbial growth, microorganisms
may not aggressively degrade or transform the explosive contaminants. Con-
sequently, cometabolic degradation becomes the chief path for the degradation
he e p oswe compounas As an example of this, aeromc motranstorma—

dllc

jmey

strates must be analyzed. The Total Kjeldahl nitrogen (TKN), i
Methods of Water and Wastewater Quality Analysis (Greenburg 1
used to estimate nitrogen concentrations. For carbon, a simple emmrlcal
correlation was suggested by Haug (1993):
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Acidity (pH)

The pH of the compost matrix must be near neutrai (i.e., near pH of 7)
because most biological systems balance their cationic and anionic ions near
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neutrality. For all practical purposes, microbial growth is severely limited at
pH values less than 3 or greater than 11. The optimum pH of composting

was reported to be between 6.0 and 8.5 (Fitzpatrick 1993). At higher pH
(strongly basic), ammonium ions (nitrogen source) will be lost as ammonia,
and essential elements such as Ca and Mg may not be available to microor-
ganisms due to precipitation as insoluble metal hydroxides or carbonates. At
lower pH (strongly acidic), toxic metals like Al, Cu, Zn, etc., will be leached
from minerals and substrates and may stop the composting process.

Overall, compost pH should be adjusted with cosubstrates or other pH-
adjusting chemicals such as lime and baking soda. For instance, wood wastes
and siudges from puip and paper mills may have a pH of 5 to 6 and C/N 100
to 150. Aacuuon or ammoma—releasmg substrates sucn as urine or urea will

stoi hi()m’tric oxygen demand. In literature, biodegradability of substrates

xrmeiad ez Aa1. e Zomcdmemmn VO camcmmcad Lo i ~ £ 0 c
varica wiacily—Iio0r instance, <o percent 10r Ste€r manure 1o 0o percent 1or
~rhinlran mantira A N\ ~e VT T mnrmnemt Fae marcrome: b b QT O cnmammt Lo
chicken manure (K_‘lcul 1972) Ol 21./ PCICE it for ut:wapl nt to 1.9 percein 101
1 " ~ nacolAie ne nt oo ritad oo
food wastes (Kayhanian and Tchobanoglous 1992). Chandler, as cited b
Haug (1993), reported that the lignin content was the single most important
factor influencing the biodegradability and developed an empirical correlation
for substrate biodegradability based on the lignin content.
(34)
B =0.830 - (0.028) L %)
where
B = biodegradable fraction of volatile solids

L = lignin content, percent of VS

Without having to determine the lignin content of substrates, biodegradabil-
ity can be easily estimated by directly measuring the volatiie solid destruction
ring composting. For xampxe if the mass of fixed soua (i.e., nonvolatile

A

same before and afier the
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Jf,1 = mass fraction of volatile solid to dry solid initially
f,» = mass fraction of volatile solid to dry solid after composting

One complication with this approach to biodegradability estimation (Equa-
tion 35) is the assumption that all biodegradable volatile solids (BVS) have
been destroyed after composting. This may be true for composting practices
with long retention times and where the final mass of dry solid practically
stays the same (i.e., m, in Equation 5). For siowly composting materials
i omposting materials with low values of & in Equation 5), oniy about
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(Equation 35). Respirometric analysis can be effectively used not only to
estimate oxygen requirements but also the biodegradabilities and the biodegra-
dation rates of substrates.

Respirometric analysis with less than a few hundred grams of compost
substrates can provide valuable information. The accumulated oxygen uptake
of the compost substrates with respect to incubation time provides direct infor-
mation on the oxygen requirements of the substrates at various retention
times. Biodegradability can be estimated by running the analysis until an
accumulated oxygen uptake reaches a plateau (negligible oxygen uptake rate)

and determining the volatile solid mass loss. Another way to estimate the
biodegradability is by using the chemical oxygen demand (COD) test, since
the solid substrate’s COD is related to the total organic portion or volatile
solid of the substrate. For example, Haug (1993) used 1.3 and 1.65 g O,/g
VS for the case study in his bock. If the final value of an accumulated oxy-
gen uptake in the plateau region is 0.8 g O,/g VS and COD of the substrate is
1.6 g O,/g VS, the biodegradability is 0.8/1.6 = 0.5, or 50 percent.

Furthermore, if the ratio of oxygen uptake of the compost to the corre-
sponding volatile solid loss can be determined from the respirometric analysis,
the biodegradation rate of the organic substrates can be also estimated using
the familiar first-order biochemical oxygen demand (BOD) kinetics.
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BVS = BOD /Y, ypvs (1 ~ ¢ (36)

destroyed

where
BVS jestroyes = mass of BVS destroyed

BOD, = ultimate BOD

u

Y

wamvs = O, cosummed/BVS destroyed

Equation 36 assumes that the value of Y, zys is rather constant throughout
the incubation. The ultimate BOD is the total accumulated oxygen uptake in
the final plateau region. Notice that BOD, /Y,y is equal to the initial total
biodegradable volatile solids of the compost mix (BVS). Once the rate coeffi-
cient and BVS are estimated from the respirometric experiment, the thermal
energy generation rate can be calculated as a function of time (Equation 15).
The composting temperature changes, and the rate coefficient may be esti-
mated using Equation 6. For discrete time-series kinetic data, Equations 37
and 6 may be used to calculate the thermal energy generation rate with respect
to time.

Qg; = ~(dBVS)/dt), Hy = rHy =
BV, ,S (1 - exp (-k; At)) Hp / At

(37

k; = 0.0126 (1.066)T%0 (6)

where
Qg ; = energy generation rate at time /
; = BVS destruction rate at time /

BVS,; = BVS at time /

At

L =1 -1
k = reaction rate constant at time /

T = compost temperature at time /

Stoichiometric oxygen requirements

Oxygen is essential for the metabolism of aerobic microorganisms, which
are believed to be a major driving force for compost. The stoichiometric
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metric oxygen reqmrement can be estimated. For instance, degradatlo f
proteinaceous material (100-percent biodegradable) may be represented by
chemical expression:

Ci6Hy,OsN, + 16.5 0,-— 16 CO, + 6 H,0 + 4 NH, + Heat (38)

where the molecular weight of C\sH,,OsN, and O, is 352 and 32,
respectively.
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reported the stoichiometric oxygen requiremen
organics. For a mixed substrate system, fractional ox e T
each substrate can be added to estimate the total oxygen requirements for the
mix.

Aeration

Aeration in a composting system is important for two reasons: oxygen
supply to aerobic microorganisms and cooling/drying of the compost by eva-
poration of water. For nonmechanical aeration systems, oxygen may be
transported via molecular diffusion and free convection of air movement due
to temperature gradients existent within compost piles. Oxygen may also be
supplied by forcing air through the compost matrix, or mecnamcally mixing

LY VYS N, — A g

the compost intermittently to enhance the oxygen transfer.

Aeration is also used to dry and subsequently cool the compost temperatire
through promoting evaporation of water. Approximately 10 to 30 times more
aeration is required for drying of 20-percent solids than that for biological
oxygen oxidation (Haug 1993).

In bench-scale remediation composting, retaining heat is perhaps more
important than removing heat as in pilot- and field-scale composting due to
high heat loss associated with a large specific surface area. Therefore, aera-
tion in bench-scale remediation composting focuses on satisfying the oxygen
requirements. Also, in order to minimize the heat loss by evaporation of
water, the air is usually presaturated with water vapor, i.e., 100-percent
humidity, before entering into the compost reactor (Hogan, Miller, and
Finstein 1989; Cook, Bloom, and Halbach 1994; Magalhaes et al. 1993).
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Thermodynamic Factors

The size, shape, and type of reactor and insulating materials eventually
determine the heat loss characteristics through the reactor wall for the bench-
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A verall heat
coefﬁcxent is very useful in order to prop erlv desm and size the bench-scale
remediation composting system. First, the rate of energy generated by
degrading substrates is estimated based on a desired composting temperature
profile through various assumptions of biodegradabilities, the heat of reaction
of the compost mix (Equation 37). Second, the evaporative and sensible heat
losses and the utilization of heat used to heat the compost mix to a desired
operating temperature are calculated (Equations 12, 18, 19, and 20). Third,
the heat loss through the reactor wall is calculated using the energy balance at
steady state (Equation 11). Finally, the required overall heat transfer coef-
ficient (U) is calculated (Equation 22). The required U decreases as com-
posting time increases because the system insulation efficiency must increase
in order to maintain an optimum composting temperature as the amount of

substrate and the rate of heat gen neraiion decrease aurlng later srage of com-
L. 1.

PPy - P g g TPTC. . Y e TT alan--1.1 Lo PP -~ Vo YRS B

posug.  11ac uuuuuu.m U Snouia o bClCLLCU as a UCblg vaiue. vnce tne
Acion T Atarenina ‘A o martinnilae Ancee s «..:., Thn sanntmce Ane o

dcaxg 1 U is determined for a pai’tl\,umt uuuxpuat Imix, tin€ reactor cam oe

designed using various insulating materials and configurations in order to meet

the decion

the design U

2allip/l LULLIPUS

(4,992 cal/g BVS) Equatlon 6 for the rate coefﬁcwnt and the total blode—
gradable volatile solids of the compost mix (812 g), the heat generation rate at
each time step (Qp ;) can be estimated using Equations 37 and 6. In this
example, the compost temperature is assumed to rise linearly from initial
temperature of 25 °C to the optimum temperature of 55 °C within 3 days and
maintain 55 °C for 30 days of composting. For this example, assume fully
humidified air (2,880 f/day) is introduced at 25 °C and leaves the system
saturated and at a temperature practically the same as that of compost. Fur-
ther assume that the moisture content of the compost remains at 43.7 percent
during composting. Using 0.24 cal/g-°C and 1.2 g/{ as air heat capacity and
aensuy, respecuvely, the sensibie heat ioss rate by the air flow at time 7 can

t
0. 5 cal/g-°C 549 g/f resnectlvelv the hea ccumulation rate of the

compost ( Equatlon 12) at time ( Q. ;) is expressed as:
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Although the moisture content remains the same, water still evaporates
from the compost pile. Knowing the amount of BVS degraded up to time /-1
and I, the evaporation rate of water is estimated as:

|dm,jdt|; = M, ; , - M, )I(At)
= (N< _NPyg 11 _F \ (41)
- Uw:l‘“”O ”"’dll AL w,i-1) T
= Jwi DSy-BVS, )/(1-f, )V/AY,
[
WIICIC
M, ;and M, ;, = mass of water at time i and i-1
A = f.-
it E A S 22
nd . .. = mass fraction of water to drv solid at time 7 and i-1
foiand £, s on of water to dry solid at time i/ and i-1
DS, = initial dry solid

BVS,;and BVS,,; = BVS degraded at time i and i-1

Once the evaporation rate of water is calculated, the evaporative heat loss
rate is determined using the latent heat of evaporation. Using a value of
578.1 cal/g for the latent heat of evaporation, the evaporative heat loss rate is

Qy; = 578.1 |dm,jdt|, 42)

e total heat loss rate throug‘n the reactor wall by conduction and convec-

tion ¢ t time / (gw i ;) is then estimated usmg nquauon ii.

Ve ) e 143\
S'Jw,i SJc,z gR,i ga,i SJv,z )
For a cylindrical composting reactor with a diameter of 0.2 m and a length
of 0.5 m, total surface area for heat conduction is 3,800 cm?. The required
overall heat tragsf er coefficient at time 7 (U)) to maintain the desired temper-
ature at that time is calculated (Equation 22).
U, =0, /A (T; - 25) (44)

where A is the total surface area.

The results of this bench-scale composting design example are summarized
in Table 3 and Figures 4 and 5. The heat generation rate reaches the maxi-

mum of 385,621 cauaay at Day 3 and graduaily decreases to 21,769 cal/day

A T

at uay 30. The sensibie heat ioss Dy the air increases to £4 883 cal/day at

34
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Table 3
Heat Transfer Rates, BVS, and U of Example Composting

t BVS, g Qar T Qa Qc Qv aw U
Days Destroyed Cal/Day C Cal/Day Cal/Day Cal/Day Cal/Day Cal/cm?2-hr-C
0 0 0 25 0 0 0 0
1 26 131,052 35 8,294 38,430 11,780 72,547 0.080
2 46 228,901 45 16,589 38,430 20,575 153,307 0.084
3 77 385,621 55 24,883 38,430 34,663 287,646 0.105
4 65 325,258 55 24,883 0 29,237 271,138 0.099
5 59 295,775 55 24,883 0 26,587 244,305 0.089
6 53 266,136 55 24,883 (o} 23,922 217,330 0.079
7 48 239,813 55 24,883 0 21,556 193,374 0.071
8 43 216,052 55 24,883 0 19,420 171,748 0.063
9 39 194,649 55 24,883 o 17,497 152,270 0.056
10 35 175,367 55 24,883 0 15,763 134,720 0.049
1 32 157,994 55 24,883 (o} 14,202 118,909 0.043
12 29 142,343 55 24,883 o 12,795 104,665 0.038
13 26 128,242 55 24,883 0 11,627 91,831 0.034
14 23 115,538 55 24,883 0 10,385 80,269 0.029
15 21 104,092 55 24,883 0] 9,357 69,852 0.026
16 19 93,780 55 24,883 0 8,430 60,468 0.022
17 17 84,490 55 24,883 0 7,595 52,012 0.019
18 15‘ 76,120 55 24,883 o 6,842 44,395 0.016
19 14 68,580 55 24,883 0 6,164 37,5632 0.014
20 12 61,786 55 24,883 o 5,554 31,349 0.011
21 11 55,665 55 24,883 0 5,004 25,778 0.009
22 10 50,151 55 24,883 0 4,508 20,760 0.008
23 9 45,183 65 24,883 0 4,061 16,238 0.006
24 8 40,707 55 24,883 o] 3,659 12,164 0.004
25 7 36,674 55 24,883 0 3,297 8,494 0.003
26 7 33,041 55 24,883 o] 2,970 5,188 0.002
27 6 29,768 55 24,883 0 2,676 2,209 0.001
28 5 26,819 55 24,883 0 2,411 -475 -0.000
29 5 24,162 55 24,883 0 2,172 -2,893 -0.001
30 4 21,769 55 24,883 0 1,957 -5,071 -0.002
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Now, the above results are used to design a bench-scale composting reactor
system. If one wants to design a similar system with an operational objective
of achieving 55 °C in 2 days and maintaining the compost temperature at
55 °C for 5 days, the minimum U is 0.071 cal/cm?-hr-°C for the first 7 days
(Table 3). This will be our design U. This value is lower than the critical U
of 0.18 cal/hr-cm?-C reported by Seiden, Preston, and Chao (In preparation).
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through the reactor wall and convective transfer just outside of foam), the
overall heat transfer coefficient can be estimated as U = (0.344/300) =
0.00115 cal/cm?-hr-°C. With this system, compost described should be able
to maintain 55 °C for 27 days according to Table 3.

The assumption is made that one has a reactor made of 0.32-cm-thick
stainless steel (K, = 118.7 cal/cm?-hr-°C) and decides to use glass wool
(Kgw = 0.344 cal/cm-hr-°C) to insulate the system. The determination has to
be made of how thick the glass wool must be in order to provide the desired
U of 0.071 cal/cm?-hr-°C. Figure 6 shows heat transfer scheme for this
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Figure 6. Heat transfer through reactor wall

example. Equations 23, 24, and 25 can be used to estimate the thickness of

the giass wool. A value of 0.37 cal/cm?-hr-°C is used for the convective heat

transfer coefficient of the insuiating materiai (Lienhard 1981).

1/U = (L/KSS)wall * (L/K}oam)wall + (Uhv)ins

1/U = 1/0.071 = 0.32/118.7 + L/0.344 + 1/0.37

>

1]

where L is the thi

Solving Equation 45 for L, the design thickness of glas
The reason for this huge discrepancy in thicknesses of the ins
with similar thermal conductlvmes is not clear althoue a series of assumn-

tions have been made to arrive at this point and dlfferent compost mixes have

been used for this example.

Summary of Remediation Composting Parameters

All key parameters are briefly summarized in Table 4.

38
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Table 4

Key Parameters for Remediation Composting Systems

Parameters

l

]

Importance

Porosity

-Conduit for nutrients and air movement

-Reservoir for moisture

Free airspace

Physicai

-Oxygen and water vapor mass transfer
-Heat transfer within compost matrix

eal 12031

Moisture content

Physicai

-Provide water to compost microorganisms
-Cools the overheated compost by evaporation

edied compost

Paricie size

ysicai

0
-

-Pressure drop
-Heat and mass transfer

Contaminated soil

Physical

-Affects the heat capacity of compost
-Determines the amount of contaminants

Temperature

Physical

-Affects various microbial reaction rates
-Determines the degree of pathogenic microor-
ganism kiii efficiency

-Selects certain groups of microorganisms

-Important parameter to ensure proper com-
posting operation

Carbon to Nitrogen
Ratio (C/N)

Chemical

-Provide adequate carbon and nitrogen to
microorganisms
Deonmcsicdm mevawe ey, PN

-Provide energy and carbo
thesis and maintenance

ke
x

-Affects the humification process

Contaminants

Chemical

-May inhibit the composting process
-Compost microorganisms may not have ade-
quate enzyme systems to break down the
contaminants

-Biodegradation versus biotransformation and
incorporation into humic matter in soil

Biodegradability and
biodegradation rate

Biological

-Biodegradability of each compost component

varies

- Affant
~TieCT

-Affect:

ha tatal amaount of hea
ne 10ta; amounti v nea

< ¢
< A
s the process kinetic.

oefficent

-
[
b4
Q

-Affacts steady-state r.

eSS ST b4

-Important design vanable of the compost
reactor
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4 Standard Remediation
Composting Protocoi

The standard remediation composting protocol provides information
required to systematically implement remediation composting at the pilot and
operational levels. The objective of the standard composting protocol is to
assist the compost system designer in designing the most economical, robust,
and efficient compost system possible. The composting protocol has four
steps: (a) initial site characterization, (b) respirometric experimentation,

c) bench-scale composting experimentation, and (d) toxicological experimen-

3~ ArtiAara
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o

Initial site characterization consists of the initial site visit, soil characteriza-
tion, and identification of the contaminant concentration. The initial site
characterization is very important because it provides the foundation upon
which the resulting investigation and implementation rests.
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provided. Agricultural practices may have a direct bearing on what amend-
ments are available at the site and at what cost.
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The investigator should visit the site and be prepared to review any docu-
mentation available on the extent of the soil contamination. The investigator
should begin with site surveys and site remediation histories. The installation
environmental coordinator will be the investigator’s main point of contact and
will generally be helpful in ensuring that all documentation is available. It is
important, however, to meet as many people as possible who have historical
knowledge concerning past practices at the installation.
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Sufficient sample should be collected and sent to the laboratory for testing.
A 55-gal drum holds approximately 0.2 m? and is generally sufficient. The
soil should be relatively dry and friable. Upon receipt of the soil, it should be
passed through a sieve to separate out explosive chunks, stones, plant roots,
and other debris. The soil should be further screened to 2 cm. Larger mate-
rial is discarded by appropriate means. The soil is then homogenized by
passage through a riffle splitter no less than three times to produce a consis-
tent sample for future study. The soil should be characterized regarding the
following:

a. Contaminant concentration.

S
w
Q
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<. PLJ allu vullivi vapawii

d. Total organic carbon

e. Particle-size distribution (hygrometric).

f. Moisture content.

g. Bulk density.

h. Nutrient levels (nitrogen and phosphorous, if needed).
i. Cation exchange capacity.

Finally, the soil should be stored in air-tight containers at 4 °C until
needed for testing.

Respirometric analysis is an important step in designing subsequent bench-
scale remediation composting experiment. A respirometer is a device that
measures oxygen usage or carbon dioxide evolution from microbial metabolic
activities in a small, closed reactor. By monitoring the total accumulated
oxygen uptake and its rate, biochemical oxygen demand and the substrate
degradation kinetics can be estimated (Chapter 3).
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transformation products provides valuable information regarding feasibility of
the design compost mix and the retention time for subsequent bench-scale
composting experiment in order to meet the treatment goal. Contaminant

transformation information should be taken, if possible, to gain insight into
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the possible success of the process. However, there should be no expectation
that the observed transformation rates will correspond to later observations.
Other valuable information derived from the respirometric test includes confir-
mation of the range of contaminant concentrations likely to be observed in the
bench experimentation, comparison of many treatment approaches, and imme-
diate respiration data.

The disadvantage of the respirometric analysis is that while temperature is
adjustable, the incubation must be done at a constant temperature. As a
result, mesophilic and thermophilic microbial communities are not able to
develop in the same manner as m [ne oencn—scalc remecnatlon compost system
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a. Blank cell - There is no “good” method of inhibiting microbial growth
in compost mixtures. Both autoclaving and mercury poisoning have
complications in regard to altering the form of the contaminant, safety,
and expense. Blank cells should be prepared, however, either by auto-
claving or poisoning the test compost mixture that contains both
organic substrates, bulking agent, and the contaminated soils. This cell
will be used to compare treatments with and without inhibition.

b. Test cells - Test cells should be made of the same amount of organic
substrates and buiking agents, but with varying amounts of contami-
ated soils. The data from these celis will provlae premmnary infor-
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mation regarding the maximum soil loadings and possible inhibitory

Upon completion of the respirometric testing, bench-scale remediation
composting experimentation is necessary in order to further optimize compost-
ing and to confirm that the treatment goals can be met with the appropriate
process parameters obtained from the respirometric experimentation.

Chapter 4 Standard Remediation Composting Protocol



Th bench-scale reactor should simulate, as close as possible, field- or

conditions. To ccompusn this, it is imperative that the tempera-

ire elevatmn in the test cell occur due to the conservauon of metabolically
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Several researchers achieved the optimal thermophilic con
bench-scale composting system by using a compost reactor temneratur, feed-
back control system for conservation of the metabolically generated heat by
raising reactor wall temperature to minimize the conductive heat loss through
the wall (Cook, Bloom, and Halbach 1994; Hogan, Miller, and Finstein 1989;
Magelhaes et al. 1993; USAEC 1994). At the U.S. Army Engineer Water-
ways Experiment Station (WES), two different types of bench-scale com-
posting systems were developed in order to investigate the fate of explosive
compounds during composting and the effects of various process variables on
the remediation efficiency. Detailed description of these efforts are provided
in Appendixes A, B, and C. Table 5 summarizes brief descriptions of these
bench-scale composting systems. These systems use the temperature feedback
control system, which constantly monitors the compost temperature and

adjusts the reactor wall temperature a few degrees below the compost temper-
ature either by heating water surrounding the reactor wall or by heating tapes
In this way, the heat flux through the reactor wall is minimized; at the same
time, external heat does not flow into the reactor and influence the microbial
activities. A few of these investigators also used prehumidified air in order to
prevent the evaporative heat loss from the reactor

One can design the bench-scale compost reactor without using the sophisti-

S
cated temperature feedback control system. As discussed in ChaDt s 2 and
3, investigators should determine appropriate compost ingredients first and
calculate the quantity of heat that could be generated by degradation of sub-
strates at various time intervals using the degradation kinetics and the heat of
reactions. The evaporative heat loss can be estimated for two extreme cases:
(a) dry air inlet and fully humidified air outlet and (b) fully humidified air
inlet and outlet. For the first case, the evaporative heat loss is calculated by
using Equation 17. For the second case, the evaporative heat loss may be
negligible. Knowing all other heat generation and loss terms for a desired
operating condition (i.e., temperature retention time, etc.) except for the heat
1oss tnrougn me reactor wail term, s1gn overau heat transrer coernclent is
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Table 5
Bench-Scale Composting Systems
Heat Conduction | Aeration Temperature
Reactor Sizef ¢ | Control Scheme Scheme Control Scheme | Reference
14 Insulation and Humidified Air Feedback Con- Hogan, Miller,
Air at 18 °C trol to Electric and Finstein
Chamber 1989
10 Insulation and Humidified Air Feedback Con- Magelhaes et
Heating Tape at 30 °C trol to Heating al.»1993
Tape
20 Water Bath Ambient Air Feedback Con- Cook, Bloom,
trol to Water and Halbach
Bath 1994
1t03 Water Bath Ambient Air Feedback Con- USAEC 1994
trol to Water
Bath
14 Water Batch and | Humidified Air Feedback Con- Appendix A,
Insulation at Near trol to Water B, and C of
Compost Batch this report
Temperature

Loading Procedures

The first step in bench reactor loading is mixing of the compost. Ideally, a
single batch of compost material should be mixed for all of the bench
reactors. The dry compost materials should be mixed before the contaminated
soil is added. Water should then be added to the optimum moisture content.
Additional soil and moisture can then be added to the mixture to produce the
higher soil-loaded reactors. Mixing separate batches of materials for each
bench reactor or pair of reactors requires great care to ensure that the same
proportions of all materials are added to each batch. Consistent moisture
levels for each batch is critical for the replication of the experiment.

The dry components of the compost mixture should be completely mixed in
a low-shear mixer or by hand. Care should be taken not to ignite the
explosive-contaminated soil. Complete mixing of the contaminated soil with
the other materials is necessary. However, overmixing must be avoided, as it
may cause loss of structure and porosity. This should be accomplished with
the driest materials added first to a rotary or drum mixer so that a consistent

A
material is nroduced. A smal
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A rotary or tumbling mixer may also be appropriate. High sheer mixers such
as those with blades or paddles (like dough mixers) are usually detrimental to
the structure of the compost materials. For small samples, the twin-shell, dry
soil blender (Paterson-Kelley Co., East Stroudsburg, PA) has proved to be

useful.
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content. Establishing the optimum moisture content is often best accomplished
by visual inspection of the compost as it is being mixed. The compost mate-
rial should be moist, but must remain friable and crumbly. Clumping must be
avoided. The optimum moisture content is usually the maximum amount of
moisture that can be added without loss of structure in the compost mass.

Next, water is added to bring the compost mixture up to a final moisture

Finally, representative samples are collected from the overall compost mass
for comparison. Subsamples should be taken to provide information on bulk
density, moisture and nitrogen contents, organic carbon, and contaminants.
Compost should be extracted for analysis of contaminants and breakdown
products immediately or kept frozen until the extraction procedure is
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111€ compost mixture is tnen aaaea to tie reactors as soon as possipbie atier
. . . S
mixing to guard against drying and/or premature microbial activity. The
lacement of the compost mixture in the bench reactor is a critical step as it is

side of the vessel. At the same time, the material should not be compacted

excessively, as this will lessen its free air space and impede the flow of air,
perhaps allowing anaerobic pockets to develop.

Operational Procedures

(=7

verall system operation should be confirmed to t e prior
to the reactor loading. Sampling ports should be provided in the side of the
reactor to allow the removal of sample during operation. Sampling scheme
will vary given the particular objective of the experiment; however, care

should be taken that the volume removed from the reactor during operation be

greater than approximately 5 percent of the total reactor volume during the
life of the experiment should be considered excessive.

Operational parameters such as reactor temperature, prehumidifier temper-
ature, gas flow rate, input air pressure, and oxygen or carbon dioxide concen-
tration in the exit air should be continually monitored, if possible. At a
minimum, the reactor temperature and the oxygen content in the exit air
should be continually monitored.
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Analytic procedures for samples taken from the reactors will vary with the
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made to take representative samples from various parts of the reactor. Som
specific analyses for consideration include compost pH, moisture content, ash
and volatile solids, bulk density, concentrating contaminants and the break-
down products concentrations, and microbial population
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Upon completion of the experiment, all the internal parts of the reactors
should be cleaned with a nonphosphorus mild detergent, triple rinsed. Next,
the internal parts of the reactor should be rinsed and dried thoroughly. This
cleaning should then be followed by a cleaning with an organic solvent such
as isopropyl alcohol.

Data Analysis

Data analysis and interpretation should include an estimation of kinetic
parameters of destruction/transformation of the contaminants. Since the first-
order disappearance rate with respect to the contaminant concentration is most
widely used, the rest of the section will discuss how to obtain the kinetic
coefficients (k) and the half-life (¢;,). Without considering the reactor tem-
perature variation during composting, an apparent first-order rate coefficient is
calculated as:

k, = - In (C/C)It (46)
where
k, = apparent first-order rate coefficient

C, = contaminant concentration at time ¢

O
Il

initial contaminant concentration

-~
Il

composting time

For a set of kinetic data, a linear regression should be used to best estimate
the apparent rate coefficient with the least residual. Once the rate coefficient
is calculated, the time required to dissipate half of initial contaminant concen-
tration, half-life (¢,,), is calculated as:

ty, = - In (112)/k = 0.693/k @7

Notice that if the apparent rate coefficient is used in Equation 47, the half-
life is also apparent, i.e., this value is limited to the same reactor temperature
conditions throughout the incubation. It is usually desirable to estimate kinetic
parameters as a function of temperature. The temperature dependency of
kinetic parameters is usually modeled using the Arrhenius relationship.

ky = Ky 6720 (48)

where
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rate coefficient at T °C

x>
3
f

0

il

temperature-activity constant.

The rate coefficient at 20 °C and the value of theta for a set of kinetic data
can be estimated from the following equation.

- _ — Ti-20
kp = = In (G /CY(t,; - 1) = ky 6 (49)
cesle A ~
wnere
- — wata Anmotant o T — T o~ A - o«
:’sﬁ rate constant at 1 = 7; and ¢ = L
L = contaminant concentration at ¢ = ti
= contaminant concentration at r = r. .
C;4; = contaminant concentration at ¢ = £,

T; = reactor temperature at ¢ =

With the kinetic data, two kinetic parameters (k,, and theta in Equation 49)
are estimated using a nonlinear multiparameter evaluation scheme. Another
way is to assume a value of the theta and estimate ky,. The values of theta
are usually very close to unity; for instance, the range of theta for trickling
filter processes is between 1.02 and 1.08 (Metcalf and Eddy, Inc. 1991).
Equation 6 suggests a value of 1.066 for the temperature-activity constant for
composting systems.

Toxicological Examination (optional)

Composting is an innovative technology whose focus is the reduction of
the apparent toxicity of hazardous contaminants in the soil matrix. Although
toxicity evaluations for the composting soils contaminated with explosive
compounds are available in the literature (Griest 1993), some evaluation of the
reduction of toxicity associated with a particular composting site will be very
helpful given a particular regulatory situation. As such, toxicity evaluation
during bench studies may become a vehicle to ensure, at the earliest point of
consideration, that the technology will accomplish the intended goal, i.e.,
reduction of the risk associated with the contaminants in the environment

f r perfo ance on the unaltered soil and on the soil/compost mixture at the
end of bench studies. Testing might include, but is not limited to, genotox-
icity testing to include Mutatox assay testing, Ames testing, or TA-100 (base-
pair mutations), and chronic toxicity testing to include worm casting and/or

47
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5 Summary

In this report, principles of biochemical process kinetics, and mass and
heat transfer during composting were highlighted. In regard to organic sub-
strate utilization, the kinetics of organic substrate utilization and the kinetics of
explosive compound degradation/transformation were discussed. Substrate
utilization kinetics were used to link rate constants for degradation with biode-
gradable volatile solids. Explosive degradation kinetics were discused in some
detail; however, whether the energetics degradation is the result of metobolism
or cometabolism remains to be elucidated and linked to overall substrate
utilization.

Four classes of process parameters, physical, chemical, biological, and
thermodynamical, were addressed in detail. Physical parameters include
porosity, free air space, moisture content, particle size, and temperature.
Equations for determining each parameter and the appropriate limitations for
each were provided. Examined next were chemical parameters such as the
effects of contaminant loading, the optimum carbon to nitrogen ratio, and the
acidity (pH) with the suggested optimal values presented. Biodegradability,
biodegredation rate, stoichiometric oxygen requirements, and aeration come
examined under the heading of biological factors, each discussed in detail.
Finally, the overall heat transfer coefficient and related concepts were exam-
ined under the heading of thermodynamics factors. Possible development of
an overall critical heat tranfer coefficient is discussed as its implications on
bench- and pilot-system sizing.

Various methods were suggested to estimate many process parameters, and
the impact of these parameters on the efficiency of remediation composting
was discussed. Furthermore, a practical example was provided to design an
insulation system for a bench-scale composting reactor based on physicochem-
ical and biological properties of compost mix, process kinetics, desired oper-
ating conditions, and heat transfer phenomena.

Finally, a standard remediation composting protocol was established to
help others to conduct a bench-scale composting study. The protocol dis-
cussed initial site characterization, respirometric experimentation, bench-scale
composting experimentation, and toxicological experimentation. Various
parameters to be measured during site characterization and preliminary respi-
rometric analysis were discussed as were various bench-scale composting

Chapter 5 Summary



system configurations currently used by researchers. Loading and operational
procedures and data analysis were described. Finally, toxicological tests of
the composted soil that will help to gain more support from regulatory agen-
cies and the public were suggested.
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More comprehensive study in the fate and the biogeochemical pathways of
many target contaminants is critically needed in order to gain the acceptance
of this technology by regulatory agencies. The study should include the
effects of many process variables on the target contaminants degradation or
transformation and humification of the original contaminants and the transfor-
mation products. For example, effects of pH, aeration, C/N ratio, and types

and concentration of growth substrate on contaminants degradation/
transformation and on the humification are not clearly understood at this time.
Furthermore, a long-term leaching potential of humified contaminants and the
transformation products needs to be assessed if these compounds are toxic.

Oxygen transport mechanisms and its profiles within the compost matrix
are not clear and need to be thoroughly investigated. Microelectodes may be
used for in situ measurement of the oxygen level within the compost matrix.
Manipulation of aerobic, anoxic, and anaerobic zones within the compost
matrix may have a profound effect on target contaminants degradation. This
study introduced a theoretical framework for systematically designing an
adequate insulation system for the bench system based on energy balance,

....... 1.2 PR, VS Rt & B SRR R Vo opd

process kinetics, and the overall heat transfer coefficient. This procedure

guidelines for this technology.

Chapter 6 Recommendations for Future Study
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Fate of explosive compounds during composting and the effects of various
process variables were investigated at the U.S. Army Engineer Waterways
Experiment Station (WES) using bench-scale remediation composting systems.
The investigation was divided into two phases of experiments using two differ-
ent composting reactor systems: Waterways Experiment Station Adiabatic
System I and IT (WACS-I and WACS-II). The WACS-I was stainless steel
reactors with water jackets, and the WACS-II was insulated, polyvinyl chlo-
ride reactors.
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Thermlstors contmuouslv momtored the 1n51de temnerature of comnost matrlx,
thermal control units heated or cooled water to the temperature a few degrees
below that of the compost matrix, and centrifugal pumps circulated the water
either inside of the water jacket for WACS-I or into the heat exchangers to
heat the insulating chambers for WACS-II. A schematic diagram of the first

Appendix A USAEWES Experience

A1l



j iy

X

systems developed at WES, WACSI and WACS 11, are in Appendixes B
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WACS system is shown in Figure A1. A complete desc

o)

The air for

™

The prime objective

These traps were used

in contrast, air was intro-

s

an 55 °C.

<
1

1

1 the overheated compost.

1

0 COO

S-1 was programmed to blow dry air into the composting reactor only

CS

v

en the compost temperature was higher th

In addition to the sophisticated temperature feedback systems, WACS-I had

CO, and VOCs traps using KOH and tenax filters.

WA

during the experiments using radiolabeled TNT compounds in order to com-
h

plete the mass balance of added radioactivity.

and C.
w

The compost consisted of six ingredients: alfaifa, apples, cow manure,

This compost composition was

v e

potatoes, sawdust, and contaminated soii.

vy

1 rr

~

mpost pile (SP-8) of the Umatilla

tic ¢

The con-

rmy

by

P4 7

X
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The cow manure 7('4.5 £ or 33 percent by volume) provided a

cent by volum
population.
Reactor Loadin
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>
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Compost was removed from the sampling ports during operation. To gain
access to the compost, one of the threaded plugs was unscrewed from the

References cited in this appendix are located at the end of the main text.
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Figure A1. Schematic diagram of the WACS
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Table A1
Physicai Characteristics and the Contaminant Concentrations of the Soil
Physical Properties
Color 10YR 2/2, Very Dark Brown
pH 7.59
Average Densities of Fractions (oven-dried at 60 °C)
Sample Description Average Density, g/cc ]
Bulk < 2.00 mm, dry-sieved 2.6364
Bulk < 0.85 mm, dry-sieved 2.8446
| Bulk < 0.85 mm, wet-sieved 2.5193
I Sample Fractions
Dry-Sieve Analysis (2,000.00 as-is, 1972.80 g dry wt.)
Solids per Oven-Dried Wt. Percent Dry
Sieve Fraction Raw Wt., g 1 Gram Sample (Moisture Test) Fraction
>200 mm 272.22 0.988845 268.18 13.85
0.063 - 2.00 mm 1,687.28 0.887096 1,665.51 24.42
<0.063 mm 33.94 0.957500 32.50 1.65
Loss 6.56 __ 5.61 0.28
Wet - Sieve Analysis (2,000.00 g as-is, 1972.80 g dry wt.) 9.75 ¢ Rinse Water
>2.00 mm : 262.52 0.9464459 248.46 12.59
0.063 - 2.00 mm 1,900.45 0.754162 1,433.25 72.65
0.0027 - 0.063 mm 29.95 g/t 20.57 g/¢ 200.56 10.17
<0.0027 mm 2.57 g/t 0 0 0
Loss 7 90.53 4.59
Moisture Tests (oven-dried at 60 °C)
Sample Initial Wt., g Dry Wt., g Percent Moisture Percent Solids
Bulk <2.00 mm dry-sieved 14.00 13.81 1.36 98.64 ]
Bulk <0.85 mm dry-sieved 2.00 1.97 1.33 98.67
Bulk <0.85 mm wet-sieved 2.69 0.14 94.92 5.08
Hydrometer Procedure
Time Temp, F Hydrometer Reading Reading Correction
O hr 80.6
40 sec 80.6 0 2.52
2 hr 77.0 -3 -1.20
24 hr 73.4 -3 -1.92
Percent Percent Clay
(Silt + Clay) | Percent Sand | Percent Siit (Coll + Noncoll) Colloidal Clay Noncolloidal Clay
5.04 94.96 5.04 | 7-2.4 ) -3.84 0]
A4
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sampling port. A mechanical fingers were inserted into the center of the
reactor through the ports to remove the 40 to 50 g of compost.

Analytical Protocols

The Environmental Chemistry Branch, Environmental Laboratory, WES,
received much of the compost samples for analysis. Exploswg cnmpm_l__d_

DNT 2A- DNT 2 4 DNT, and 2,6-DNT, were extracted from the samnles
with acetonitrile and subsequently analyzed with high performance liquid chro-
matography (HPLC) according to EPA SW-846 Method 8330 (USEPA 1992).

Radiolabeled Examination

Umat 0il 2,470 g 1-dried weigh ,470 g ODW) was amended
with 19.82 mg [U-ring-1*C] TNT (New England Nuclear Research Product,
26.3 mCi/mmol with 99-percent purity). Analysis was performed as

described by Pennington et al. (1995). The resulting radioactivity was 2.05 X
106 DPM/gODW. The final compost contained 3.96 g “C-TNT/g ODW and
1.01 x 10° DPM/g ODW. Compost samples taken at the initiation of the
study (7p) and after 20 days (T),o) of the phase-I composting were subjected to
organic matter fractionation (Pennington et al. 1995). The compost was
extracted wet, but was allowed to dry slightly between additions of different
solvents. Carbon dioxide traps were assayed on days when WACS-I were
aerated, i.e., Days 7, 9, and 12-20. Radiolabeled CO, was determined by
counting 0.5 ml of KOH with 2.5 ml water and 15 ml of Ultima Gold liquid
scintillation cocktail (Packard Instruments, Meridan, CT).

Resuits and Discussion

Phase-l study

A total of five composting experiments were performed using WACS-I
reactors. Among these composting runs, only the first run achieved the ther-
mopmuc temperature (55 °C or higher), and the rest of the runs failed to

1L___ AN Orv 31

A_A,

ac ‘Ill eve pcrature ngﬂel’ itnan 40 °C due t auure OI Ule tnermal COD[I'OI
umit (TCU) The second run was abruptly stopped when the TCU was found
to be malfuntional. However, subsequent composting Runs 3, 4, and 5 were
continued for 20 days each despite the TCU failure, and the profiles of explo-
sive contaminants in the compost were analyzed under mesophilic composting
conditions. Since aeration was programmed to start only when the compost
temperature was higher than 55 °C, most composting runs were carried out

under anaerobic conditions except for Run 5 and a part of Run 4. Compost

Run 4, the *C-TNT run, aerated on Days 7, 9, and 12-20 despite the compost
temperature being lower than 55 °C in order to trap CO, to complete mass

>
o1
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A6

balance for subsequent radioactive analysis. Data from both phase-I and -II
study are summarized in Appendix C.

WACS-I Run 1

Fi gure A3 shows temperature moisture content, and pH profiles of

WACS-I composting Run 1. Compost temperature rose to about 55 °C within
5 days due to active mesophilic microbial activity and gradually decreasea to
about 46 °C after 20 days of composting. This trend is similar to the temper-
ature within a static compost pile (SP-8) of the UMDA study (USATHAMA
1991). Percent moisture was maintained between 46 and 55 percent
throughout the composting. Since the WACS-I system was programmed to
aerate only when the compost temperature was higher than 55 °C, and since
the system achieved a temperature greater than 55 °C nl ),

or
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the compost probably became anaerobic especially after th:
mesophilic activity. Due to the volatile fatty acids ccumulatr
bic decomposition processes, the compost pH was acidic (around
shown in Figure A2.
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TNT concentration of the Umatilla soil was 40,000 mg/kg and was reduced
to 17,800 mg/kg after mixing with other compost constituents. Concentra-
tions of TNT transformation products such as 2A-DNT, 4A-DNT, 2,4-DNT
and 2,6-DNT of the soil were negligible. However, when the composting
system started, a significant amount of TNT was already decreased from

17,800 to 12,700 mg/kg,and the concentrations of 2A-DNT and 4A-DNT
were mcreased from less than 25 to 74.7 and 192 mg/kg, respectively. Trans-

Vile ) S 12 a3

had alreaay taken place while preparing for the composting
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main text). The half-life and the rate coefficient were 23.1 days
0.03 day™, respectively (R* = 0.8). This half-life was comparable with that
of Doyle and Isbister (1982), about 3 weeks, and was slower than ¢,, =

12 days obtained from the Louisiana Army Ammunition Plant (LAAP)
thermophilic static pile study (Williams et al. 1992). 4A-DNT increased to
472 mg/kg after 5 days and decreased slightly to 350 mg/kg after 20 days.
The 2A-DNT profile was similar to 4A-DNT except that the 2A-DNT concen-
tration rapidly reached 437 mg/kg after 10 days and rather gradually increased
to 540 mg/kg after 20 days. The total amount of disappeared TNT

(4,538 mg/kg) was much greater than the total production of the metabolites

(2A-DNT and 4A-DNT) of 890 mg/kg. Most previous TNT degradatron
studies suggested that neguglme amounts of CO, and volatile amines were
. .

P oy AT 1 __
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2,4-dinitrotoluene (2,4-DNT) nor 2,6-dinitrotoluene (2,6-DNT) were present
before and after the composting. This could be explained by both mesophilic
and thermophilic TNT transformation pathways hypothesized by Levinson,
McCormick, and Feeherry (1976) and Kaplan and Kaplan (1982b). In the
pathways, all nitrogroups were reduced to amino groups first before the
deamination process took place. As a result, 2,4-DNT and 2,6 DNT were not
produced. The balance of the disappeared TNT was assumed to be incor-
porated into organic matter of the compost.

ey

NB ) wWere not transformed Dy the

composti ess as shown in Figur 4. In fact, this trend was true for
both at monitored these compounds. In

co d that about 20 percent of RDX was
mine and Pennington et al. (1995)

repo ed after 20 days of composting

This the experimental conditions (com-
pos 1pone y wer- almost identical to those of
Pennmgton et al ( 19 between these two separate ex_pe._n-

ture around 55 °C usmg a water bath and prov1ded contmuous aeratlon of

10 ml/min; the initial RDX concentration was much lower (about 1,260 mg/f)
than that of this study (3,911 mg/kg). Reaching a compost temperature of

50 °C or higher soon after the start of incubation by Pennington et al. (1995)
may have suppressed the growth of mesophiles and promoted the growth of
thermophiles that possibly have a better enzymatic system for degrading RDX.
Since the compost of this study also reached above 50 °C after 5 days

(Figure A3), one should observe a substantial depletion of RDX, although not
as much as in Pennington’s if the abundance of thermophiles was the factor.
The reactor of this study was not aerated most of the composting period and
became anaerobic as evidenced by low pH (Figure A3). However, anaerobic

PSSP o SN, S DTV

1ave also promoted RDX transformation. Why RDX did
ano a
U

studv 3 svstem had hmh r RDX concentration, which might be inhibitory.
However, Doyle and Isbister (1982) had even higher 1mt1al RDX concentra-
tion (greater than 9,000 mg/kg) in their greenhouse compost systems, which
was later decreased to 3,284 and 5,093 mg/kg after 3 weeks of composting.
At this time, it is not clear what has caused the big difference in RDX
disappearance.

Figure A5 shows the profiies of TNT, 2A-DNT, and 4A—DNT urmg
= - A, N A n h .

20 days of composting, composting Run 3. The tre
Run 3 although the compost temperature never reached therm‘phihc range.
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TNT decreased from 14,850 to 10,700 mg/kg after 20 days. The correspond-
ing half-life and the rate coefficient were 46.2 days and 0.015 day™, respec-
tively (R* = 0.92). Although this half-life was slower than that for LAAP
mesophilic static pile system (f,, = 22 days) by Williams et al. (1992), the
trend of slower mesophilic transformation rate compared with that of thermo-
philic system (f,, = 12 days) was quite similar. In both studies, the half-lives
were increased approximately twice from mesophilic to thermophilic systems.
Figure A5 also clearly indicated that the transformation rate of 4A-DNT was
faster than that of 2A-DNT. This finding agreed with the statement by Kaplan
and Kaplan (1982b), the preferential reduction in the para position of TNT to
the ortho position.

In this run, “C-TNT was spiked into the soil in order to study the fate of
TNT and its transformation products during composting. Figure A6 shows
the percent recovery of added radioactivity in each fraction of compost sam-
ples taken at £, and f,, days. In both samples, the percent recovery in the CO,
and VOCs traps were negligible, and the ether extracts contained the most

the percent recovery of 32.2 percent at ¢ = 20 days was quite lower than that
of 67.4 percent at ¢ = 24 days reported by Kaplan and Kaplan (1982b), it was
much higher than that of 9.84 percent at ¢ = 20 days reported by Pennington
et al. (1995). The humin fraction of the compost samples contained the next
majority of the added radioactivity at both # = 0 and ¢ = 20 days. This value
was similar to 21.94 percent at ¢+ = 20 days of Pennington et al. (1995), but
was much greater than 1.3 percent at ¢ = 24 days of Kaplan and Kaplan
(1982b). However, one should expect differences since run composition and
conditions varied between Kaplan and Kaplan (1982b), Pennington et al.

(1995), and this study.

The percent recoveries of the added radioactivity in humic acids, fulvic

acids, and cellulosic fractions increased over 20 days of composting. Interest-

ingly, “C-TNT redistributed itself into various organic fractions right after
loading the reactor. If experimental errors during the preparation of samples
and the actual instrumental analysis were assumed to be negligible (statistical
treatment of data not available), this fast redistribution of added TNT sug-
gested the importance of the sorption process of TNT

Figure A7 shows the concentration profiles of TNT, 4A-DNT, and 2A-

OLIU JAIILUL vil PiUllico UL 11

DNT during 27 days of composting. The wide variation of TNT concentra-
tion was probably due to incomplete mixing of the compost material resulting
in heterogeneous matrix. The preferential reduction of para positioned nitro-
groups to ortho position resulted in higher concentrations of 4A-DNT than
2A-DNT.
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WACS-I Run 5

In this last experiment of the phase-I study, air was continuously intro-
duced at 2,000 ml/min. This resulted in much faster dissipation of TNT than
any other runs in this phase-I study. The TNT level dropped to 216 mg/kg
after only 10 days of composting from an initial concentration of
17,650 mg/kg. However, the Day 20 sample showed an unusually high con-
centration of TNT (7,320 mg/kg). Once again, incomplete mixing and subse-
quent heterogeneous compost material was blamed for this high variation of
data. These data with a wide variation as observed in Runs 4 and 5 suggested
the importance of thorough mixing and careful sampling. Investigators must
exercise extra caution in preparing representative samples and interpreting
> ample data. The preferential reduction to 4A-DNT was also evident

[}
@]
[
=
e,
(&)
[723
-

in Figure A8

In order to see the effects of compost temperature and aeration, the TNT
profiles of all phase-I experiments (Runs 1, 3, 4, 5) were plotted together as
shown in Figure A9. Comparing Run 1 and Run 3 (both were anaerobic), the
mesophilic condition in Run 3 slowed down the TNT dissipation rate
Although Run 4 was also mesophilic, air was introduced (Days 7, 9, and 12-
20) in order to trap “C-CO,. A drop in TNT concentration was observed

after aeration was introduced. The mesophilic Run 5, in which continuous
aeration was introduced, also showed a big drop in TNT concentration

although the unusually high TNT concentration at Day 20 sample imposed
uncertainty in the validity of this trend as representative of whole compost.

Phase Il Study

performed for 4 to

important operational factors, i.e., aeration and temperature feedback control,
on the system temperature were examined. Compost Runs 6 to 13 used
uncontaminated soils, whereas, Runs 14 and 15 used the Umatilla soil heavily
contaminated with explosive compounds. In the last two runs (Runs 14 and
15), the importance of pH adjustment of the compost was tested. All data are

summarized in Appendix C.

WACS-II operation without aeration and without temperature feed-
back controi {clean soil)

XY7rs.1

Without aeration,

)

=
a
N
j=
o
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compost temperature to 33 °C when the experiment began. After loading the
reactor, the compost became anaerobic and the pH dropped to about 4.7; the
compost temperature slowly decreased to room temperature. Without aera-
tion, the percent moisture was rather constant at 56 percent.

WACS-II operation with aeration and with temperature feedback con-
trol (ciean soii)

The compost temperature of the WACS-II system with both aeration and
§ Py
dC 11 L

active temperature feedback control reached the thermophilic range within

5 days as shown in Figure A11. The pH was maintained around neutral range
since aerobic conditions prevailed the reactor. The percent moisture dropped
from 53 to 43 percent after 5 days of composting. This was rather surprising
because air was presaturated with water in order to minimize evaporation
Other runs with aeration did not show any percent moisture reduction
(Appendix C).

WACS-II operation with aeration and with temperature feedback con-
trol (contaminated umatilla soil)

The last two runs (14 and 15) used the same compost mix except for the
soil. This time, soil was heavily contaminated with explosive compounds
(Umatilla soil). The WACS-II reactors were operated with both aeration and
temperature feedback control on. In Run 15, a pH adjusting chemical
(NaHCO,;) was added after observing acidic pH with the Umatilla soil in
Run 14 (Figure A12). Even with aeration, pH of Run 14 decreased from 6.7
ays. However, Day 7 sampie of R

o3

Run 14 showed pH of 8.8.
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Umatilla soil in Run 15 with the addition of NaHCO;. The pH of Run 15 was
maintained between 7.2 and 8.9. Also observing the compost temperature at
Day 7, which was raised from 30.4 °C at Day 6 to 36.7 °C at Day 7 and the
increase in pH from 5.0 at Day S to 8.8 at Day 7, in Run 14 indicated that
the acidic pH appeared to be the important factor that caused the lower com-
post temperature in Run 14. The cause of acidic pH from the Umatilla soil
was not clear.
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Run 15 Temperature _m
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rigure A12. Temperature and pH of composting Runs 14 and 15 (soiis contaminated with
explosive compounds)
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Conclusions >

Phase | study

Findings from the phase-I study were as follows: A substantial amount of
TNT disappeared and two TNT transformation products (2A-DNT and 4A-
DNT) were produced during 20 days of composting both at thermophilic and
mesophilic conditions. The 4A-DNT level was consistently higher than the
2A-DNT level indicating faster transformation of TNT to 4A-TNT in the bio-
chemical pathway suggested by Kaplan and Kaplan (1982). The TNT trans-
formation rate was higher in the thermophilic conditions than in the
mesophilic conditions. Effects of aeration on the TNT transformation may be
more significant than that of composting temperature. A large fraction
(20 and 36 percent) of the radiolabeled TNT was found in the humin fraction
both at the start and the finish of the composting. Incorporation of “C-TNT
into humic and fulvic acids and cellulosic fractions increased at 20 days of
composting. The explosives RDX, TNB, and HMX were not significantly
degraded over the 20 days of composting.

Phase Il study

Without aeration control, compost became acidic probably because of
accumulation of volatile fatty acids under anaerobic conditions. Without
temperature feedback controls, the compost temperature did not reach to
thermophilic range with this reactor system. The Umatilla soil became acidic
unless NaHCO, was added in the beginning. As a result, the compost did not
reach to thermophilic range without addition of NaHCO,, although both aera-
tion and temperature controls were activated.
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The WACS I consisted of a water-jacketed, stainless steel reactor con-
structed for the purpose of studying the dynamics of composting explosive-
contaminated soils. The reactor cylinder was 27.9 cm in diameter and
43.2 cm in depth with temperature probe and sampling ports A 2.54-cm-high
aluminum diffuser base plate was pxacea in the bottom of the reactor to aliow
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The air inlet system was designed to provide humidified air to the system.
Before arrival at the diffuser base, incoming air was split into two streams

One air stream was then saturated with water vapor and both streams remixed
before entry to the reactor base. The actual incoming relative humidity was
monitored using an RH-PLUS 2250 single channel analyzer. The output of
this analyzer was passed to the computer.

The offgas monitoring system integrated several analog detectors to track
important parameters. The most important detectors in this system were the
carbon dioxide and oxygen analyzers. Both sensors were real-time monitors
indicating current operating conditions of the system. The gas-trapping sys-
tem measured the quantity of carbon dioxide that this system produced. Off-
gases were passed through a condenser prior to carbon dioxide anci oxygen
anaiysis The system also had the capability to measure gas mass flow rate.
During labeled studies, CO, traps were used followed by two tenex traps in
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These data

were sent to the reactor
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A second reactor was designed and instalied to overcome two shortcomings
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high thermal transmissivity.
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and had a working volume
of approximately 14 ¢. The
top plate and bottom plates
were a cork/wood composite
with a 1.27-cm layer of
hardwood board overlain
with a 0.635-cm layer of
cork. Once loaded, four
threaded rods were tightened
until the cylinder seated
against the cork layers of
both the top and bottom
plate. Silicon caulking was
then applied to the seams
between the cylinder and the
respective top and bottom
plates.

The top plate of the
reactor had three 1/8-in.-
diam ports. RTDs were
friction fitted into the ports
and into the compost. One
probe was positioned within
_ the core of the compost

Figure B2. Photo of WACS Il cylinder, another was pOSi-

tioned along the inside wall
of the reactor, and a third was positioned at the exterior of the reactor
between the first and second layer of exterior insulation. Temperature probes
were tip sensitive. Additionally, a 0.635-cm threaded exhaust port was
located on the top plate for offgases.

The base plate was constructed in the same manner as the top plate with
the exception that only one through-plate entry was made. This port provided
for an air inlet port. Air was passed into the reactor through this port at
2.44 kg/m* and a flow rate of 300 ml/min. The base plate was mounted on a
4-in. stage to allow a complete flow of air around the test cell within the
insulated chamber.

On the exterior of the cell, a 2.54-cm-diam sampling port provided access
to the material in the interior. A fine wire mesh screen secured 2.54 cm
above the base plate in the interior of the test cell acted as a false bottom to
keep compost from clogging the air inlet hole. The screen also acted as a
diffuser to distribute air evenly over the bottom of the test material.

One insulated container with two chambers (Figure B2) was constructed to
allow simultaneous operation of two test cells. The insulated container mea-
sured 137 cm long, 63.5 wide, and 63.5 cm high. Each of the two chambers
were identically arranged with a 12- by 20-cm heat exchanger and a 12-V fan.

Appendix B USAEWES Adiabatic Compost Systems (WACS) Description



B4

The heat exchanger was connected to a thermal control unit. The thermal
control unit provided water as a heat exchange fluid to heat exchanger from a
thermally stabilized mixing tank.

Water returning from the heat exchanger in the interior of the chamber
passed through a second heat exchanger in the inlet air-sparging vessel. The
chamber was designed to ensure that inlet air would enter the sparging col-
umn, become completely saturated, and leave the sparging vessel at a temper-
ature near or below the compost in the cylinder. As a result, the heat capacity
of the humidified air entering the reactor was allowed to be dynamic. The
temperature of the water in the sparging vessel was monitored with an RTD
probe. A solenoid valve allowed air to enter the test cell 1 min in 10 when
the interior temperature was below 55 °C. Above 55 °C, the system was
aerated continuously.

The thermal control unit was operated by a PID software controller. The
controller was tuned using a closed-loop tuning procedure and transmitted an
output signal to a voltage to pressure (I/P) transducer. The converted pressure
opened and closed two pneumatic valves. One valved supplied cold water and
the other supplied hot water to a mixing tank. The mixing tank had two
outlets, one to the overflow and the second to the recirculation system.
Duplicate systems were provided for each test chamber. Water, acting as a
heat transfer media, was pumped from the mixing tank, through the first heat
exchanger in the test chamber, through the heat exchanger in the inlet air
system, and back into the mixing chamber.

The I/P transducer received a 4-20 mV signal. This input was converted
into proportional 3 to 15 psia pressure that in turn opened or closed the hot
and cold valves to the mixing tank. The cold water valve opened between
3 and 9 psia, and the hot water valve opened at between 9 and 15 psia. At
9 psia, both valves were closed. Valve positions were visible to the operator
from the front of the thermal control unit.

Data acquisition from the test cell and the inlet air system was performed
using a data acquisition package tailored to this application. Labview, an
object-oriented programming language developed by National Instruments
(NI), was the system selected for this purpose. Rather than using conven-
tional syntax (Basic, C. Fortran), Labview used icons or pictures to represent
action and lines of code. Labview created a virtual instrument, which repre-
sented a sensor being monitored and displayed the data (Figure B3).
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Temperature, % moisture, and pH Profiles

Aeration: 2000 mL/min

i 28.4 28.9 52.1 4.4 at 24 C and 45% RH
2 327 32.7 when T > 55 C
3 393 39.3
4 475 41.5
5 544 54.4 52.8 4.5
6 55.5 55.5
7 54.1 53
8 53.8 53.8
9 51.3 51.3
10 52.2 52.3 50.5 4.6
11 51.8 51.8
12 535 53.5
13 53.5 53.5
14 522 52.2

15 513 51.3 46.3 4.5
16 484 48.4
17  46.8 46.8
18 45.2 45.9
19 46.2 46.2

20 45.6 46

W
:h.
(Vo]
H
W

-~ oA s N . .

Phase-I, Run 2 (T1IR2A, 8/21/93 - 9/2/93)

The reactor failed to achieve thermophilic temperatures.
Experiment abruptly terminated after 10 days.
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Fate of TNT (extractable with ether and acetonitrile)
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Phase-I, Run 4 (T2R1, 10/28/93 - 11/25/93)

0 7531 12.2 16.7
5 10700 25 1460
10 7050 1540 3230 532
15 2990 1220 2370 492
20 5080 1700 3350  72.3
27 5940 1460 2800  64.3

0 55 6040 316000 42
5
10
15
20 428 8690 604000 46
27

Appendix C Data Summary



0 17650 25 40 1.88
5 2320 990 1960 952
10 216 667 1570 590
15 492 793 2110 801
20 7320 716 966 210

0 5.21 6640 452000 46
5
10
15
20 4.96 10200 279000 50

Continuous aeration
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Phase I - WACS-II (6/10/94 - 8/14/94)

A = Aeration On
T = Feedback Temperature Control On
O = No Aeration or No Feedback Temperature Control

Temperature

0/0 o/T A/O 0O/0 AT A/O orT AT AT AT

0 31 31.4 31.7 325 49 31.1 33.8 43.7 335 27
1 28.2 30.2 31.7 30.9 53 313 333 40.8 36.5 36.9
2 257 323 30.4 28.1 55.1 312 32.8 32.8 46.4
3 247 31.1 43.2 26.8 54.8 30.7 32 509 30.8 48.8
4 247 29.6 44 26.2 53.1 303 309 552 299 525
5 28.8 33.1 26.2 299 555 30 422
6 30.4

7 36.7

0/0

525 53.8 56.8 55.5 S5 57.6 54.8 53.3 544 527
57 57.8 55.4 548 555 553 526
55.9 57.1 56.4 522 56.8 54.7  52.6
54.4 56.6 55.8 563  56.6 49.7 53.4 56.6
50.2 56.6 57.1 55.8 524 579 554 444
55.8 57.3 56.8 57 427 S6.1

NN A WN = O

o/o Oo/T A/O O/0O AT A/O o/T AT AT AT

0 6.47 6.58 6.84 6.7 69 6.75 624 177 6.66 8.22
1 5.67 4.4 4.71 5.02 6.68 6.5 543  6.15 7.19
2 543 6.19 4.99 4.66 8.49 6.3 392  6.26 7.36
3 6.26 7.44 4.66 844 596 497 874 4.69 8.64
4 5.6 5.95 6.23 463 7.86 6.21 494  8.59 8.85
S 7.1 5.97 4.7 494 8.01 4.99 8.9
6

7 8.75

c8
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