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Abstract: This paper explains a thorough exergy analysis of the most important reactions in soil-
plant interactions. Soil, which is a prime mover of gases, metals, structural crystals, and electrolytes,
constantly resembles an electric field of charge and discharge. The second law of thermodynamics
reflects the deterioration of resources through the destruction of exergy. In this study, we developed
a new method to assess the exergy of soil and plant formation processes. Depending on the types of
soil, one may assess the efficiency and degradation of resources by incorporating or using biomass
storage. According to the results of this study, during different processes from the mineralization
process to nutrient uptake by the plant, about 62.5% of the input exergy will be destroyed because
of the soil solution reactions. Most of the exergy destruction occurs in the biota—atmosphere sub-
system, especially in the photosynthesis reaction, due to its low efficiency (about 15%). Humus
and protonation reactions, with 14% and 13% exergy destruction, respectively, are the most exergy
destroying reactions. Respiratory, weathering, and reverse weathering reactions account for the
lowest percentage of exergy destruction and less than one percent of total exergy destruction in the
soil system. The total exergy yield of the soil system is estimated at about 37.45%.

Keywords: soil-plant system; exergy analysis; soil-plant exergy loss; soil-plant exergy destruction

1. Introduction

All ecosystem processes are irreversible and are accompanied by entropy production
and exergy destruction. Exergy analysis is a method for analyzing energy systems based on
the second law of thermodynamics. Exergy is a driving force for the conversion of energy
and chemical substances for the further development of ecosystems [1]. Green plants
convert exergy from the sunlight into exergy-rich biomass, via photosynthesis. The exergy
content of biomass passes through different food chains in the ecosystems. At every
trophic level, exergy is consumed and decomposing organisms dominate the last level
in this food chain [2]. Most of the exergy is destroyed in the irreversible interaction of
solar radiation with the surface, and only a tiny fraction of about 2.5% of global cosmic
exergy consumption is used in transforming earth materials [3]. Exergy is stored in the
form of biomass in soil. Increased inputs (more solar radiation is captured) mean more
biomass, more exergy stored, and more exergy degraded [4]. Schneider and Kay [4]
expressed an extended second law. The findings of ecosystem tend toward dissipating
solar exergy because of different processes in the earth. They concluded that an increase
in exergy storage and through-flow describe ecosystem development based on all three
growth forms. The results referred to above can be used to formulate a general law for
the development of ecosystems: if a system receives a through-flow of exergy (energy),
it will move away from thermodynamic equilibrium and select the components and the
organization that yield useful energy through the system (maximum power principles)
and the most exergy stored in the system.

Ecological exergy analysis and environmental effects follow different approaches.
Some researchers studied ecological integrity and the effects of environmental hazards.
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They focused on the effect of changing environmental conditions on the system, moving
away from the original optimum operating point [5,6]. Some authors were interested in the
information exergy and the eco-exergy methods. They analyzed ecosystems considering
conservation [7] (Patten, Straskraba, and Jorgensen 1997), dissipation [8], openness [9],
growth [10] (Sven E Jorgensen, Patten, and Straskraba 2000), constraints [11], and differenti-
ation [12] toward an ecology of complex systems in a complex future [13]. They tried to find
a method to illustrate ecosystems evolution considering the adjustment and compensation
of human activity effects on the quality of ecosystems. This means the quality of ecosys-
tems depends on the amount of exergy storage in the earth. Moreover, thermodynamic
analysis of biological systems based on exergy analysis of photosynthesis [14], plant exergy
efficiency [15], and exergy analysis of different biological reactions has been followed up.
For instance, Lems [16] and Moura [17] demonstrated a method for biochemical reactions
that can indicate a change in the quality of soil and plants. They introduced some methods
for exergy analysis of different phenomena in the ecosystem by using exergy analysis of
different reactions. In addition, according to Keller [18], the first and second laws of thermo-
dynamics were used for a classical biological system (plant). Next, Petela [14] determined
a system boundary of a leaf surface layer, in which biomass is created at temperature T
and undertook an exergy balance of the leaf. Silva [15] decomposed the photosynthesis
process into three main processes (photosynthesis I and II and Calvin cycle) and analyzed
the changing quality of these processes. In this regard, Silow et al. [19] used and proposed
the eco-exergy approach to analyze an open system that receives solar exergy as input, cap-
tures energy, as well as analyzes decomposer activities and the cycle’s waste, This method
uses some coefficients, such as capacity of packaging information at the molecular level
(DNA) that differs from one organism to another and can be taken into account using the
eco-exergy function. This method can be applied to problems of a theoretical nature and
does not have a practical application in ecosystems. Fath et al. [20] analyzed a bio-system
including interactions between solar exergy, autotroph levels, and heterotroph levels. Their
research used the eco-exergy method, considering different stages of growth and biomass
storage. According to them, such analysis does not provide a better understanding of the
transformation path [20]. In Ecoinvent Life Cycle Analysis, solar exergy absorbed directly
by the soil is not considered by the functional unit, since its category is classified as “occu-
pation, pasture and meadow, extensive”; this deficiency actually forgets the solar exergy
the ecosystem needs to sustain its natural cycles [21]. Rocco et al. use exergy indicators for
environmental impact assessment, which supplies a wider framework and deeper insights
into the environmental performance of production processes and products. They used
exergy-based indices for studying changes in soil quality [22].

Different types of nutrient loss and degradation reactions in ecosystems not only
change the nutrient availability in the plant but also compromise soil microorganisms’
habitat. Moreover, the soil quality can decrease or increase due to nutrient uptake reac-
tions such as mineralization by plants (microorganisms’ biochemical reactions in soil).
In the present paper, we have utilized Moura and Lems’ exergy analysis in the plant-soil
system [16].

In summary, there is a lack of systematic exergy analysis of the most important
reactions in soil-plant interactions. Therefore, the primary objectives are:

e [Evaluate the exergy performance of the bio-system (plant—soil system) by overall
exergy efficiency.

e Identify the most significant source of exergy destruction and exergy losses in the
bio-system (plant—soil system) and their location of occurrence.

e  Evaluate the effect of various natural phenomena (weathering, acid rain, etc.) on the
bio-system exergy efficiency.



Entropy 2021, 23, 3

30f28

2. Materials and Methods

We may consider soil as an energy system, in which the main purpose of this system
is nutrient supply. As in any energy system consisting of different subsystems, in the soil
system, numerous reactions occur that supply nutrients for plant growth [23].

Biogeochemical processes in the terrestrial environment dominate the hydrochem-
ical response of small catchments because stream water is largely made up of drainage
water from soils. Biogeochemical processes can be categorized into three major groups
(cf. van Breemen et al., 1983):

1.  Biochemical processes, including interactions between biota and the atmosphere
(e.g., photosynthesis, respiration, N2 fixation), and interactions between biota and
soil solution (e.g., assimilation and mineralization).

2. Geochemical and soil chemical processes, including interactions between solution
and the soil solid phase (e.g., cation exchange, adsorption, chemical weathering).

3. Chemical reactions in solution (e.g., hydrolysis, complexation reactions) or between
solution and atmosphere (e.g., degassing of CO,).

In this study, these reactions are classified into five categories: plant to the soil, biota to
the solution, atmosphere to biota, the solution to the atmosphere, solid to the solution,
and other reactions (related to fertilizers, pollution, and acidification). The relationship
between different parts of the ecosystems, including the hydrosphere, atmosphere, and bio-
sphere, is shown in Figure 1.

Figure 1. Mutual interactions between atmosphere, lithosphere, and biosphere leading to accretion or decrease in nutrient

content in the soil.
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The effects that lead to the generation of nutrients and increase their availability are
considered positive and those that reduce the availability of nutrients and the degradation
of nutrients in the soil are considered negative. However, the negative effects are those re-
actions that occur in the soil to compensate the entropy increasment; for example, in power
plants, a condenser plays an important role to discharge the entropy increasment in the
power plantsBy managing and controlling the soil system, these negative effects could
be reduced to some extent, but cannot be eliminated (denitrification, de-complexation,
and respiration). These interactions are associated with some main reactions including
chemical formation, concentration change, electrical potential change, and mixing reactions.
As mentioned, the main objective of the soil system is food production and the photosynthe-
sis reaction. In order to achieve this goal, the main reactants of these reactions could come
from minerals, manure/compost, and the atmosphere. The important elements, such as
nitrogen, phosphorus, carbon, and sulfur, enter the soil from the atmosphere. Part of the
reactions originate from the atmosphere to the soil or vice versa, which are considered to
be positive, and reversing these reactions leads to the reduction in nutrients availability
(negative effects). The most important part of the soil is the soil solution, which includes
the organic and inorganic phases (Figure 2).

Variations in key electron donors and acceptors (NO?, N, NHI, SOAZL*, CHy, and dis-
solved organic carbon (DOC)) closely follow the predictions of thermodynamics. Trans-
formations of N and other elements result from the response of microbial communities
to two dominant hydrologic flow paths: (1) horizontal flow of shallow subsurface wa-
ters with high levels of electron donors (i.e., DOC, CHy, and NH4+), and (2) near-stream
vertical upwelling of deep subsurface waters with high levels of energetically favorable
electron acceptors (i.e., NO%‘, N,O, and SOi_). Thermodynamic constraints on microbial
metabolism depend on the use of electron donors and electron acceptors in redox reactions
that generate energy for growth and maintenance. While organic matter (CH,O) domi-
nates as the electron donor in many natural environments, other electron donors (e.g., CHs,
H,S, Fe(Il), NH}, and Mn(II)) can be locally important. Similarly, O2 dominates as the
electron acceptor in oxic environments, while NOZ-, N>O, Mn(IV), Fe(II), sSO%-, CO,, and
CH,O can be locally important in anoxic environments. Different combinations of electron
donors and electron acceptors, in expression, release different amounts of free energy that,
in turn, can be harnessed for microbial growth and maintenance. For example, aerobic
respiration (CH,O as an electron donor, O, as an electron acceptor) generates almost five
times more free energy (501 kJ) per mole of oxidized CH,O than sulfate reduction does
(102 kJ; CH,O as electron donor and SOﬁ* as an electron acceptor) at pH 7 and molar
concentrations of reactants [24]. The environment becomes increasingly reduced due to
microbial consumption of electron acceptors following the sequence: (1) loss of O, (aerobic
respiration); (2) loss of NO%f (denitrification); (3) loss of SOi* (sulfate reduction); and (4)
accumulation of CHy (methane fermentation) [24].
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Figure 2. Soil-plant interactions.
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2.1. Exergy Analysis of Electron Transport Chain

Exergy transferred through an electron carrier is passed to the next carrier i — 1,
used to do workwithin the living system, and partially lost to the environment as low-grade
waste heat (exergy destruction). These carriers can move from the nucleus in channels
to make energy carrieravailable for other reactions such as the carbon cycle (more detail
about these reactions in photosynthesis process has been explained in the Supplementary
Materials) [15]:

Bcarriers,i = Bcarriers,ifl +W+4B (1)

where Byppiers, i i the exergy of carrier i (high-energy electrons proceed in photosynthesis
reactions), W is the work performed by the electron transfer, and /B is the exergy destroyed.
The standard reduction potentials can be expressed as:

AG? = —nFA€° 2)

where AGY is the standard Gibbs free energy change (Here, the initial concentration of each
component is 1.0 M, the pH is 7.0, the temperature is 25 C, and the pressure is 101.3 kPa.),
n is the number of moles of electrons, F is the Faraday constant (96,485 Coulomb/mole e-),
and Ae? is the standard change in reduction potential. It can be modified to account for the
effects of intracellular concentrations and used to calculate the exergy difference between
electron carriers [16].

NADPH carries added protons in the last biosystem in photosynthesis processes.
This process is a proton—electron that originated from the NADPH reaction. This reac-
tion helps to reach a level of thermodynamic stability: Ae” is 1.140 V [25]. The energy
level difference compared to the reference responses of the intracellular proton—electron
system in the exchange process is estimated as (detail of the reactions is presented in the
Supplementary Materials):

-0
ABelec = Bcarriers,i - Bcarriers,ifl = nFAgO + RT()LI’Z (H[A], ) (3)

where AB,, is the exergy difference between carriers i and i — 1, R is the universal gas
constant (8.3143 J/mole- K), TO is the dead-state temperature (298.15 K), [A]; is the activity
of carrier i, and 9; is the stoichiometric coefficient of carrier i.

For each molecule in the reactions, its chemical exergy is estimated using the method
of Lems et al. [16]:

Bchem ~~ %(ﬁkBelement,i) + AG? + RT()LH[A] + RTyLn (1 + Z r{hiff!)
i
n : 4)
+RTo S Ln(1+ 3 TTK)[M])
] 1=

where By, is the chemical exergy of a species (per mole), Bejepent,i is the number of times
that atom k occurs in the species (stoichiometric coefficient when forming the species from
reference atoms), [A] is the activity of the species, K; is the chemical equilibrium constant
(for either acid, base, or metal ion dissociation) for reaction , [H]" is the hydrogen ion
concentration, [M]] is the concentration of metal ion j, k is the atom counter, i and / are the
reaction counters, and j is the metal ion counter [15].

To determine the exergy of a mole of photons, a modified form of Planck’s Law is
applied [16]. Note that the only difference between Planck’s Law and the factor (1 — % ),
which accounts for a 5 percent difference between the energy and exergy of photons
(the data required for this reaction are presented in the Supplementary Materials):

hc o Tearth

Bynoton(A) = NAx(l m)

©)
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where Bty is the photon exergy (J/mole photons) at a given wavelength (1), N4 is
Avogadro’s number (6.023 x 1023), h is Planck’s constant (6.626 x 10 — 34 ] x s), c is the
speed of light (3 x 108 m/s), A is the wavelength (m), Te,ph is the ambient temperature of
the earth (298.15 K), and Ty, is the temperature of the sun’s surface (5762 K) [16].

Applying the mean-value theorem to exergy of the photon equation yields (the data
required for this reaction are presented in the Supplementary Materials):

- Tourth ) Ln (Ahigh) — Ln(MNow)
Tsun )\hz‘gh — Now

(6)

Bphoton,avg =Ny hC(

An exergy analysis of systems is the introduction of exergy cost analysis. This is
based on the second law of thermodynamics regarding the concept of exergetic cost [26],
the average cost approach [27,28], and specific exergy costing method [29]. In the present
paper, we use the average exergy cost for bio-systems analysis.

2.2. The Exergy of Biochemical Reactions

In standard biochemical conditions, the medium is considered to be pure water of
neutral acidity at standard pressure and temperature, and the compound is considered to
be at unit concentration, or actually at the unit chemical activity. Gibbs free energies of
formation in standard biochemical conditions have been determined for a wide range of
biochemical compounds, and the exergy of these compounds at the given conditions can
then be calculated following [16]:

0’ 0 o
EXA = ZﬁiExelement,i + AfGA (7)
i

where E x% and Ex) are the stoichiometric number and the exergy in standard chemical

conditions (superscript 0) of element i in compound A, respectively, and where A¢ G%’ is
the Gibbs free energy of formation of compound A in standard biochemical conditions
(superscript 0'). For the exergy of the elements, we refer to Szargut et al. (1988) [30],
who also give a detailed description of how these exergy values are calculated.

The cellular concentrations of the compounds are far from the 1 M which is considered
in Gibbs free energy, and since the environment can be considered water, the concept of
an ideal solution can be applied, where the activity coefficient is considered to be equal
to 1. Such an effect is very important as some reactions only occur due to differences in
concentration.

Exconcentration = RTo ln[C/CO] 8)

The metabolic compounds suffer ionic dissociations with cations (H*) and anions
(OH™), since the environment is active, forming different compounds, for example:

C()?Cl +H+ —>K2C2+2H+...—>KnCn—|—nH+
1

The exergy due to acid dissociation is:

n i Ki
=18
Exdissociations = _RTO[l + Z :

Ly ] )

Some compounds bound to metallic ions forming metallic compounds and act as cata-
lysts of the reactions. Similarly, an equation for the exergy effect of the metal compound is:

EXyetantic = —RToln[1+ Y ([ TKiIM])] (10)
i=1 j=1
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The new equilibrium constant is known as the apparent equilibrium constant:

Kapparent = H(Ci’)’i)ﬁi = H(Ci)ﬂi H('Yz‘)&i = KT (11)

1 1 1

where v is the activity coefficient and I is a global factor. The extended Debye-Hiickel Law
is used to evaluate I' by re-evaluating the activity coefficient:

az%ll/2

-t 12
1+ BI/2 12)

Iny; =
where z; is the ion electrical charge, I is the ionic force, and « and B are constants. The new
equilibrium constants can now be re-evaluated using the definition of pK = log(k):

1/2
pK(I) = pK(I =0) — alog(e)(IiBI%) Zﬁiziz (13)

The total exergy of the compound is then the sum of all effects above.

Ex = Ex" + EXconcentration + Z(Exdissociations) + Expotentiul (14)

In some reactions, the proton and electron transfer can change the energy level of
the product (Expotentml). With the exergy value of the compounds evaluated, chemical
reactions such as A + B—C + D can be analyzed through the exergy balance [17]:

EXreactants = EXproducts + EXdestroyed + EX1ost (15)
Moreover, the exergetic efficiency can be defined by:

- Exproducts (16)

ExXreactants

3. Results
3.1. Exergy Loss and Destruction of Different Ecosystems Interactions
3.1.1. Weathering

The weathering of rocks leads to the formation of sand, silt, and clay. Based on
their mechanisms, the following are the three types of weathering: physical weathering,
chemical weathering, and biological weathering. Chemical weathering (chemical erosion)
is the decomposition of rocks by a change in the chemical and mineralogical composition,
through a combination of several chemical processes. It is a slow but more intense process
than physical weathering. Chemical weathering takes place mainly at the surface of rocks
and minerals, leading to the disappearance of certain minerals and the formation of new
products and secondary minerals. Chemical weathering is more intense in areas where it is
preceded by physical weathering, which causes a decrease in particle size and an increase in
surface area. Chemical weathering is therefore aided and abetted by physical weathering.
During the process of chemical weathering, one or more of the following minerals in
solution (cations and anions) are formed: oxides of iron and alumina (sesqui-oxides Al,O3,
Fe,03), various forms of silica (silicon oxide compounds), and stable wastes such as very
fine silt (mostly fine quartz) and sand (coarser quartz) [31].

In sedimentary rocks, which are made up of primary and secondary minerals, weath-
ering acts initially to destroy any relatively weak bonding agents (FeO), and the particles
are freed and can be individually subjected to weathering.

Based on the results, the greater exergy destruction in chemical weathering is caused
by hydrolysis reactions. Such exergy destruction is caused by the chemical reaction and
the change in concentration (Table 1).
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Table 1. Exergy destruction of various chemical weathering (k] /mole).

Reaction AG ! (KJ/mole) EX jostruction (KJ/mole)  E;, 2 (KJ/mole)
Oxidative weathering of mineral
4FeO 4 Oy — 2Fe;0;3 —287.856 287.856 503.36
Reverse weathering
Fe?t 4 10, + 3H,0 — Fe(OH); + 2H" 151.92 171.59 376.59
FeS + 30, + 3H,0 — Fe(OH); +SO3~ +2H " —960.22 73.19 393.47
Rainfall
2Fe3t 4350, + 6H,0 — 2Fe(OH); + 6H' + 3505~ 856.42 856.42 2582.8
Soil acidity adjustment
(H'), + CaCO3 — Ca*™ + CO, + H,O 443 240.12 678.9

! Difference of Gibbs free energy; 2 EXreactants-

The main effects of these reactions in the soil are imbalanced creation in the number
of cations and anions in the soil. Microorganisms have spent part of their activities on
these reactions.

Therefore, it can easily reflect the effects of human activities on the soil balance
reactions. Among these general reactions, chemical weathering reactions cause the 9% of
total exergy destruction in the soil system.

3.1.2. Dissolution and Precipitation

Solids can either be formed by precipitation and crystallization or dissolved depend-
ing upon the conditions of the solution. Some of the most influential conditions affecting
dissolution/ precipitation in soils are ionic composition and concentration, pH, and tem-
perature. In addition, solution species that form strong complexes with the constituents
of a solid may enhance the dissolution of such solids. In this section, we will discuss the
process of solid phase formation and destruction [32].

Based on the thermodynamic prediction, mineral dissolution reactions are represented
in Table 2.

Table 2. Thermodynamic analysis of mineral dissolution.

Reaction lOg(K) EX gestruction (KJ/mole)
CaSO4(gypsum) <> Ca?t + 50,2~ —4.6 11.40
CaCOj(calcite) +» Ca?t + CO32~ —8.35 20.6

Fe(OH), (amorphous) <+ Fe>™ + 30H~ —38.7 95.93
Al(OH); (gibbsite) «» A" 4+ 30H™ -33 81.80
Fe(OH),H,PO, (strengite) <+ Fe3* +20H~ + H,PO, —35 86.75

As can be seen in Table 2, we only have some electrolysis reactions, which are disso-
lution reactions. These types of reactions are useful in the soil solution quality. The soil
solution needs some ionic interactions to prepare nutrient that they have the proper condi-
tion to uptake by plant.

The most important precipitation reactions take place with HySO4 and HNOj3. The ex-
ergy analysis of the reactions is shown in Table 3 [32].
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Table 3. Thermodynamic analysis of precipitation.

Reaction Log K EXgestruction (KJ/mole)
HpSOy — 2H ' + 503~ .. 1157.18
HNO3; — H™ + NO; .. 88.06
CaSO,>CaZ* + SO42~ 46 26.25
CaCO3+Ca?t + CO52~ 8.35 48.65
Fe(OH)3., Fe’* + 3 OH™ 38.7 260.48
Al(OH)3>AIP* + 3 OH ™~ 33.8 566.31
3+ —
Al(OH),H,PO, AP + 2 OH™ + 305 174.08
H,PO,
Fe(OH),H,PO,+Fe’* + 2 OH™ + B
H,PO, 35 199.76
Ca?" + H,oPO, <> CaHPO, +H™ —0.08 1677.96
Ca’" + HyPO, ! ++ CaPOy +2H ™" —13.09 1752.18
30.5 2778.64
Al(OH),H,PO, =
APt 4 20H™ + H,PO,
Fe(OH),HaPO, — 35 2238.86

Fet 4 20H™ + H,PO,

The amount of exergy destruction in these reactions generally accounts for 1.43% of
the total exergy destruction of the soil system.

3.1.3. Soil Acidification and Leaching

Increasing amounts of acids can “mobilize” aluminum ions, which are normally
present in an insoluble nontoxic form of aluminum hydroxide. It appears that when
the soil pH dips to 5 or lower, aluminum ions are dissolved into the water and become
toxic to plants. Aluminum ions cause the stunting of root growth and prevent the roots
from taking up calcium. The result may be the overall slowing of the growth of the
entire tree. Lower soil pH and aluminum mobilization can reduce populations of soil
microorganisms. Soil bacteria have the job of breaking down the dead and decaying leaves
and other debris on the forest floor. The effect of this action is to release nutrients such
as calcium, magnesium, phosphate, nitrate, and others. Low pH and high aluminum
ion concentrations inhibit this process. Higher amounts of acids can mobilize other toxic
metals from the insoluble to the soluble ion forms in the same way as aluminum does it.
The toxic metals include lead, mercury, zinc, copper, cadmium, chromium, manganese,
and vanadium [33].

According to the results, the highest percentage of exergy loss due to acid rain is
related to AI(OH); + HySO,4 and accounts for about 82% of total exergy destruction. The de-
composition of H;COj reaction, CaCO3 + H,SO4—CaSO4 + Hy,COj3 reaction, and ion
exchange reactions caused about 11%, 2%, and 5% of total exergy destruction, respectively.

In general, the amount of exergy destruction caused by acidification reactions is about
1% of the total exergy destruction of the soil system.

3.1.4. Total Exergy Losses of Natural Processes in the Soil System

Exergy analysis is an applicable method for natural process loss estimation. This method
enables us to present a new approach for natural resource depletion, especially in land
resources. In this regard, Dewulf et al. [21] tried to establish a comprehensive resource-
based life cycle impact assessment (LCIA) method that makes it possible to quantify the
exergy taken from the natural ecosystems, and is thus, called cumulative exergy extraction
from the natural environment (CEENE). Rocco et al. [22] utilized exergy life cycle analysis
for different structures to counter the erosion losses of soil. He compared his approach
with other methods such as Cumulative Exergy Demand (CExD), the Thermo-Ecological
Cost (TEC), and the Cumulative Exergy Extraction from Natural Environment (CEENE),
considering exergy requirements in different life cycle chains. The current study compares
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different soil erosion technologies considering their primary exergy requirement as well as
the existence of their hidden impacts related to land use. In this paper, it is assumed that
total exergy losses of natural processes in the soil system are caused by the negative effects
of the soil system reactions. Furthermore, it should be mentioned that the exergy loss of
different avoidable and unavoidable reactions in the soil can be used to estimate the total
exergy losses (Table 4).

Table 4. The exergy loss of different avoidable and unavoidable reactions in soil.

Reaction Exjyss (kJ/mole)
Volatilization 4111.76
Carbon Cycle 4177.53

Respiration 165.49
Denitrification 300.34
De-complexation 480.87
Dissociation 8648.41
Weathering and Reverse Weathering 440.17
Rainfall 1726.38
Soil pollution reactions 1946.24
Acidification 10,538.69
Total 32,535.89

It is important to mention that some of the losses should be happening because they
are critical for alive soil. Respiration is a sign of living biota in the soil, which is quite
necessary for healthy soil, and the benefits overcome its unavoidable exergy losses.

Although some of the interactions are desirable reactions due to nutrient production,
they are caused by material losses. Dissociation and acidification are the main sources of
losses. This is because of their main role in metabolic reactions to interacting ionic materials.

3.1.5. Exergy Loss and Exergy Destruction of Human Activity in the Soil

All ecosystems are open systems embedded in an environment from which they re-
ceive and discharge energy and matter. From a thermodynamic point of view, this principle
is a prerequisite for the ecological processes. If ecosystems would be isolated, they would
be at thermodynamic equilibrium without gradients and then, life. The openness ex-
plains, according to Prigogine, why the system can be maintained far from thermodynamic
equilibrium without violating the second law of thermodynamics [19].

The soil nitrate pollution reaction is referred to as the reaction of nitrate with hydrogen
cation (proton). Since nitrate ions are the critical material for nutrient uptake by plants
and food production, this reaction reduces the concentration of nitrate in the soil; on the
other hand, decreasing nitrites is a type of soil pollution called eutrophication. However,
human activities have accelerated the rate and extent of eutrophication through both
point-source discharges and non-point loadings of limiting nutrients, such as nitrogen
and phosphorus, into aquatic ecosystems (i.e., agricultural eutrophication), with dramatic
consequences for drinking water sources, fisheries, and recreational water bodies [34].
The high concentration of nitrate ions and the excessive use of chemical fertilizers are the
main reasons for this phenomenon.

Heavy metal pollution is currently a major environmental problem because metal ions
persist in the environment due to their non-degradable nature. The toxicity and bioaccumu-
lation tendency of heavy metals in the environment is a serious threat to the health of living
organisms. Unlike organic contaminants, heavy metals cannot be broken down by chemical
or biological processes. Hence, they can only be transformed into less toxic species [35].
The toxicity of heavy metals in plants varies, depending on the plant species, specific metal
involved, and concentration of metal, the chemical form of metal, and soil composition and
pH. Metal toxicity is also shown in its ability to disrupt enzyme structures and functions
by binding with thiol and protein groups, or by replacing co-factors in prosthetic groups of
enzymes. Based on our results, lead and its compounds’ reactions have produced the most
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exergy destruction compared to other metals’ compounds. The lead compounds caused
1.87% exergy destruction of the soil. After lead, the exergy destruction originating from
cadmium, copper, and zinc are, respectively, 1.55%, 1.14%, and 0.78% (Table 5). Note that
exergy destruction is not a good indicator of toxicity, notwithstanding toxicity induces
great effects on plants, microbiome, and life in general.

Table 5. Exergy destruction of heavy metal reactions [36].

) Total Exergy Exergy Destruction
Element Exaestruction (kJ/mole) Destruction (kJ/mole) Increased Percent
Pb 1628.3 88,651.2 1.87
Zn 680.2 87,703.1 0.78
Cd 1353.7 88,376.6 1.55
Cu 991.8 88,014.8 1.14

3.1.6. Exergy Losses from Destructions in Processes of the Soil System

Exergy loss is due to undesirable reactions in each reactive group and is different from
exergy destruction. For example, consumed exergy by weathering reactions is considered
an exergy loss.

In the following figure, the amount of exergy destruction of soil processes is presented.
Based on the results, acidification reactions due to acid rains lead to a greater amount of
exergy destruction. Following acidification, the dissociation reactions (a reverse process
of the protonation reaction) cause the second level of exergy destruction in degradation
processes. Carbon cycle reactions and volatilization have the third and fourth places in this
comparison (Figure 3).

Figure 3. Exergy losses and destruction in reactions of the soil system (kJ/mole).

The effects of natural process and human activity on exergy loss play a critical role
in managing some desirable and undesirable reactions in the soil system. The detailed
method for exergy analysis of these reactions is represented in the following section.

3.1.7. Exergy Losses from Leaching Based on pH

Nutrient leaching is the downward movement of dissolved nutrients in the soil profile
with percolating water. Nutrients that are leached below the rooting zone of the vegeta-
tion are at least temporarily lost from the system, although they may be recycled if roots
grow deeper. Leached nutrients may contribute to groundwater contamination in regions
with intensive agriculture. Nitrate leaching is also a significant source of soil acidifica-
tion. In humid climates, some nutrient leaching occurs even under natural vegetation,
but agricultural activities can greatly increase leaching losses [37]. According to the results,
the total leaching exergy loss at different pH levels is shown in Table 6.
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Table 6. The total exergy losses of leaching in different pH levels.

pH Exj,ss (kJ/mole)
2 2783.52
4 5904.97
6 5904.97
8 3649.42

At pH 4 to 6, hydrogen, nitrate, and calcium ions are more active, and therefore,
the greater amounts of leaching exergy losses have occurred in these pH levels.

3.1.8. The Effects of Adding Fertilizers to the Soil

Fertilizers compensate for deficiencies when the nutrient concentration in the soil is
less than required for plant growth. Considering the use of different types of fertilizers
(organic or chemical), some reactions are added to the soil system. Although exergy
destruction increases because of fertilizers, there is a tradeoff between exergy destruction
caused by fertilizer reactions and nutrient deficiencies.

Generally, nitrogen, phosphorus, and potassium are the important nutrients that
should be available for growth. Accordingly, these three types of fertilizers are added to
the soil. The lack of nutrients in the soil is supplied through adding fertilizer /compost
(similar to the energy carriers in energy systems). In uptake processes, plants use, in part,
resources through mineralization. Another part of the resources compensates the losses
occurred in the soil (Table 7; see the detailed reaction in the Appendix A).

Table 7. The exergy analysis of different fertilizer reactions.

Fertilizer Ex;, (kJ/mole) Exoyt (kJ/mole) EX gestruction (KJ/mole) Exj,ss (kJ/mole) Efficiency (%)
Urea 20,761.7 8716.3 11,933.4 112.0 42.0
Ammonium 5617.9 1389.2 4228.8 0.0 24.7
Sulphate
Calcium
Ammonium 5972.8 1903.9 4068.9 0.0 31.9
Nitrate
Phosphatic 29,323.40 15,001.68 13,862.95 458.77 51.2
fertilizer
Phosphatic
fertilizer-single 160,320.3 54,736.8 100,995.8 4587.7 34.1
Super Phosphate

Assuming that all of these fertilizers can be used in the final fertilizer, the phosphatic
fertilizer-single superphosphate fertilizer compensates up to 48% of total exergy loss and
destruction at pH (6 to 8) and therefore, it is the most effective fertilizer for compensating
soil quality loss. Ammonium sulfate fertilizers and calcium ammonium nitrate have the
least amount of efficiencies in compensating exergy loss and destruction (2 percent).

4. Discussion
4.1. Exergy Destructions Nutrient Supply for Plant Growth in the Soil System

Living organisms need energy to cover the maintenance of life processes. This energy
is lost as heat to the environment in agreement with the second law of thermodynamics [19].
Thermodynamically, carbon-based life has a viability domain determined between about
250 and 350K. It is within this temperature range that there is a good balance between
the opposing ordering and disordering processes: decomposition of organic matter and
building of biochemical important compounds. At lower temperatures, the process rates
become too slow and at higher temperatures, the enzymes catalyzing the biochemical
formation processes will decompose too rapidly [19].
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In the present paper, exergy loss and destruction are divided into avoidable and
unavoidable. Avoidable exergy is related to some reactions that can be controlled by
thermodynamics and biological conditions and parameters such as pH. Unavoidable
exergy can be changeable in some conditions to maintain system stability (e.g., without
respiration, photosynthesis will not improve). In Table 8, total avoidable and unavoidable
exergy loss and destruction in bio-systems are observed.

Table 8. Total avoidable and unavoidable exergy loss and destruction in bio-systems.

Exapwp ! (kJ/mole)

Exuagxp 2 (kJ/mole) Exags ° (kKJ/mole) Exyagxz. ¢ (kJ/mole) Total (kJ/mole)

29,252.81

51,840.28 23,299.9 9236 113,629

1 Avoidable exergy destruction. 2 Unavoidable exergy destruction. 3 Avoidable exergy loss.  Unavoidable exergy loss.

The exergy destruction indicates the degree of irreversibility of the reactions. Accord-
ing to the classification, the exergy destruction of different paths is calculated (Table 9).

Table 9. The overall exergy analysis of the soil system.

Processes Ex;,, (kJ/mole) Exoyut (kJ/mole) EXgostruction (KJ/mole) Ex;,s (kJ/mole) Efficiency (%)

Plant to Soil 19,133.50 4099.82 13,307.31 1726.38 21.43
Biota Solution 67,758.59 29,781.03 25,492.62 12,484.94 43.95
Biota Atmosphere 51,194.08 17,173.84 25,565.45 8454.78 33.55
Solution and 45,925.62 18,296.86 18,199.14 9429.62 39.84

Atmosphere
Solid and Solution 5038.48 270.28 4328.03 44017 5.36
total 191,126.90 71,568.07 32,535.89 87,022.94 37.45

In Table 9, the exergy destruction of different paths is compared. According to
this table, the most exergy destruction occurs in the biota atmosphere. One of the most
important reactions in this pathway is photosynthesis, due to its low efficiency (about 15%)
and the biota solution has the second greatest level of destruction. The main portion of
exergy destruction in these processes is of a chemical nature.

In general, the highest percentage of exergy destruction of the soil system is related
to photosynthesis reactions, which include photosystem I, photosystem II, and Calvin
cycle reactions. After photosynthesis with 21% exergy destruction, humus and protonation
reactions with 14% and 13% exergy destruction, respectively, are the most exergy destroying
reactions. Respiratory, weathering, and reverse weathering reactions account for the lowest
percentage of exergy destruction and less than one percent of total exergy destruction in
the soil system.

As shown in Figure 4, the most exergy destruction in the biota—atmosphere relates to
photosynthetic reactions, which account for 80% of total exergy destruction. Volatilization,
carbon cycle, and ion exchange reactions account for 14%, 4%, and 2% of total biota—
atmosphere exergy destruction, respectively.
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Figure 4. Sankey diagram of exergy analysis of nutrient supply for plant growth.

Respiratory reactions result in slight exergy destruction and cause less than one
percent of total exergy destruction in this group.

The general results of soil system reactions are represented in Figure 4. Based on the
results, the total exergy yield of the soil system is reported at 37.45%.

4.2. Loss and Destruction of Exergy Due to Soil pH Levels in the Bio-System

Microorganism activities and ions involved in soils depend on its characteristics,
especially soil pH. Different ions are activated at different pH levels [38].

According to the results, the least amount of exergy losses take place at pH = 2,
in which weathering reactions cannot happen in the soil system. pH = 4 and pH = 6 have
a greater amount of losses. At pH = 8, nitrate and sulfate ions have fewer activities and
therefore, exergy losses will decrease (Figure 5).

Figure 5. Soil exergy losses in different pH (kJ/mole of soil).

At pH =2, different solid and soil solution reactions cannot occur, and also, the greater
amount of exergy destruction is associated with the biota—atmosphere subsystem. At pH =4,
solid and soil solution reactions are added to the system. However, at higher pH levels,
the greatest destruction results from the biota solution. At pH = §, the soil to plant reactions
is omitted.

In the following figure, the exergy balance of the soil system can be observed. Gener-
ally, 191,127 kJ /mole of exergy input enters from solar energy, mineral resources, atmo-
spheric resources, and fertilizer. In the neutral pH range (6 to 8), a significant amount of
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this exergy input can be lost as leaching and atmospheric influx, as well as different exergy
destruction in soil. Eventually, only 71,568 k] /mole of total exergy input will be available
as a nutrient resource for the photosynthesis process (Figure 6).

Figure 6. Different interaction of soil reactions (exergy efficiency and destruction).

5. Conclusions

Different interactions between soil, atmosphere, lithosphere, and biota can greatly
affect the efficiency of exergy absorption from the sun and the amount of biomass exergy
storage in the earth. Biological activities in soil supply the nutrients required by the
plant; however, they could have unpleasant effects on microorganism life. In the present
research work, the main biogeochemical reactions have been taken into account. The plant
nutrients make up the inorganic elements required for plant growth, most of which are
also essential for microflora and fauna to continue living. The main energy resources
in soil include organic compounds—which are subject to biological attacks—serve as
energy sources for the soil fauna and microflora rather than the few bacteria that can live.
Although, these processes can form nitrogenous, phosphoric, and potassium compounds,
they can cause about 17.8% of total exergy destruction in the soil. These organic and
inorganic materials, after mineralization, are absorbed within ion exchanges. In general,
different processes through mineralization to nutrient uptake destruct about 17.8% of total
exergy input. A major amount of these resources are used by microorganism activities
through biological reactions. Nutrient uptake involves different biological and chemical
reactions, in which great portions of nutrients are lost into the atmosphere (similar to
heat loss in energy systems). These reactions can deplete material resources in the soil
through its interaction with water (equivalent to the discharge of waste and sewage in
energy systems). In general, these losses are divided into two categories—losses of natural
activities such as acid rain, erosion, etc., and the direct discharge of waste into the soil.
Different biota—atmosphere reactions lead to high levels of exergy destruction in the soil
system. One of the most important reactions in this pathway is photosynthesis (with a low
amount of efficiency which is about 15%). After that, the next greatest amounts of exergy
destruction occur in the biota—solution pathway. Given that, the most important reactions
in this group force exergy destruction through chemical reactions. After photosynthesis,
which accounts for up to 21% of total exergy destruction, the second and third places
go to plant to soil reactions and protonation reactions with 14% and 13% of total exergy
destruction, respectively. Respiration, weathering, and reverse weathering processes
account for the lowest percentage of exergy destruction, with even less than one percent
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of total exergy destruction in the soil system. The lack of nutrients in the soil is supplied
through adding fertilizer /compost (similar to energy carriers in energy systems). Plants use
a part of resources through mineralization to uptake processes. Another part of resources
compensates for the losses that occurred in the soil. In the neutral pH range (6 to 8),
eventually, only 7.16E05 of 1.91E05 kJ/mole of the exergy input will be available as a
nutrient resource for the photosynthesis process because the rest is lost due to leaching and
atmospheric influx, as well as different exergy destruction in soil.
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0/23/1/3/s1, Figure S1: Qualitative Exergy-Flow Diagram of the plant. The Color Key describes
the type of exergy flows between the different biological operations, Figure S2: Transfer of high
energy electrons through photosystem II (PSII) and photosystem I (PSI). Two chemical reactions are
described in this figure. All of the reactions are explained here. In the first step, water is split into
protons, oxygen, and electrons. The electrons are excited to the high-level energy (P680%). NADP}, is
reduced to NADPH. Intermediate carriers are various functional groups in the protein complexes
of PSII and PSI, Table S1: The assumption for the average photon exergy, Table S2: Exergies and
reduction potentials of PSII, Table S3: Exergies and reduction potentials of PS, Table S4: Exergy losses
in the dark reactions, Table S5: Overall chloroplast efficiency.
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Appendix A. Soil Reactions and Exergy Analysis

Table Al. Exergy analysis of soil to plant interactions.

Reaction AG (kJ/mole) Ex;, (kJ/mole) Exoyt (kJ/mole)
NH; + CH;OH — CH3;NH, + H,O —51.87 1057.90 211.00
NH; + C;Hs0H — CoHsNH, + H,O 57.72 1694.80 426.10
H,S + CH;0H — CH3SH + H,O —728.05 1532.00 119.87
H,S + C;H50H — CoHsSH + H,O —649.12 2168.90 957.85
SO, + CH;0H — CH3SH + 10, 514.29 1033.40 120.96
SO, + CoHsOH — CoHsSH + 30, 593.22 1670.30 958.94
NH{ + CH3;0H — CH3;NH, + H,O + H' —846.98 1389.20 542.30
NHJ + CHs0H — CHsNH, + H,O + H' —737.38 2026.10 757.40
H' + CH3NOj3 +20H™ — 20, + CH3NH, 1063.26 1461.30 218.04
H* + C;H5NO, +20H™ — 20, + C,HsNH, 2063.07 1461.30 433.14
CH;OH +S02™ +2H™" — 10, + $H,0 + CH;SH 2793.47 1500.70 121.31
CoH50H +S0%™ +2H' — 10, + 3H,0 + CH5SH 2872.40 2137.60 959.29

Table A2. Glucose oxidation versus other important oxidation reactions carried out by
chemolithotroph levels.

Reaction AG (kJ/mole) Ex;, (kJ/mole) EX jestruction (KJ/mole)
CH0 + O, — CO, + HyO —287 542.37 234.99
CHj 420, — CO, +2H,0 —871 839.14 1688.86
S+ 30, + HyO — SO, +2H" —587 614.47 703.73
NH{ + 30; — NO; +2H" + H,0 —275 673.17 177.77
H, + 30, — H,0 —237 240.07 476.17
HS™ +H' + 10, —+ S+ H,0 —209 1478.57 112.77
NO; + 30, — NOy ~76 110.87 53.39

2Fe?t 4 2H' + 10, — 2Fe* 4 2H,0 -31 1417.39 698.59
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Table A3. Exergy analysis of biota solution (mineralization).

Reaction AG (kJ/mole) Ex;, (kJ/mole) EXgestruction (KJ/mole)
CH3NH, + 20, — OH™ + 3NO; + CH;0H —705.82 218.04 130.25
CoHsNH, + 20, — 20H™ + 3NO; +H' + CoHy —2223.46 433.14 396.72
CH;SH + 3H,O + 10, — CH30H + SO~ +2H " —1125.80 121.31 66.89
CoHsSH + 3H,0 + 30, — CHs0H +SO3~ +2H' —1032.98 959.29 356.43
C3H;H,POy + HyO — CH30H + H,PO, +HY 406.84 151.10 43.66
NH; +2H' + O, + e~ — NH,OH + H,0 —251.95 1004.47 916.72
NH,OH + H,O — NO; +4e~ +SH" —232.05 339.70 232.05
-
2Ht 4 %02 +2e~ = H,0 NHZ— NH; + HT 1253.57 664.59 588.98
NO, +H,O — NOj3 +2H" + 2~ —159.72 107.80 267.52
3(CH,0) + 2N, + 3H,0 + 4H' — 3CO, + 4NH; 2504.86 1867.74 637.12
NH; + 20, — H' + NO; + H,0 —746.27 1281.90 88.07
CH,0 + O — CO; + H,0 + cellular material —876.91 542.37 334.54
C¢H1,04 — CH3CH,OH + 2CO, —2512.99 2930.00 2512.99
H* + H,0 + CH3NH; — CH30H + NH; 739.00 542.30 196.70
Humic acid : CyoH;5(CO,H)(OH)5(CO,), : Carboxyle(—COOH)
CH,O + 3803~ + JH' = CO, + $HS™ + H,0 49453 1008.85 514.32
SO, +HCO; = CO, + HSO% —96.97 1523.59 1426.62
CH,0 + 2MnO, + 4H ' = CO; + 2Mn?* 4 3H,0 3691.34 1916.60 1774.74
2HT +S0% — HpS +20, 1164.40 1272.20 107.80
2NO; + 503{ — 2NO, +Hy0 + CO, 69.60 1272.20 1202.60
2H' +S03~ — HyO + S0, + 10, 2249.43 1272.20 977.23
2NO; +3CH,0 +4H" — 2NH] +3CO; + HyO 3013.02 3154.20 141.18
Ca*" +2CO; +2H,0 — (H'), + Ca?™ + 2HCO; ~12091 770.26 649.35
FeS, + Y H,0, — Fe' + 2H" 4 7H,0 + 2502~ —3592.54 2435.35 1157.19
FeS, + 50, + H,O — Fe?t + 2H' 42502~ —2271.66 1440.66 831

Table A4. Exergy analysis of amorphous hydroxides.

Amorphous Hydroxides AG (kJ/mole)  Exoyt (kJ/mole)  Exjestyction (kJ/mole)

AI(OH)3 —1141.76 1154.00 7617.78
Fe(OH); —695.86 40.47 210.98

Mn(OH), —663.14 .. ...
sum 1194.47 7828.76

Silicates
8-CaSiO 3 (wollastonite) + 2 H* + H,O = Ca*+ H4SiO4 —75.74 75.74 663.50
CaSiO; (pseudowollastonite) + 2 H+ + Hy,O = Ca%*+ H,4SiO,4 —81.22 81.22 663.50
8-CaySiO;, (larnite) + 4 H* <2 Ca2t + H,Si04 —226.14 226.14 1325.20
?- CapSi0y (Ca olivine) + 4 H* <2 CaZ* + H,Si0O, —215.86 215.86 1325.20
Aluminosilicates
CaAl,SiOg (pyroxene) + 8 H* <+Ca* + 2 A%+ + HySiO4+2 H,0 —201.20 201.20 2650.40
CaAl,SirOg (Ca-glass) + H"«»Ca®* + 2 AI** + 2 HySiO,4 —193.55 193.55 2650.40
CaAl,Si,Og (hexagonal anorthite) + 8 H* «»Ca?* + 2 AI3* + 2 HySiO,4 —148.97 148.97 2650.40
CaAl,Si,Og (anorthite) + 8 H*«>Ca?*+ 2 AP* + 2 H4SiO40 —133.16 133.16 2650.40
CaAl,Si;052 H,O (lawsonite) z;l HC+)<—>Ca2+ +2 AP* + 2 HySiOy+ 2 10011 10011 2650.40
2
CaAl,Sip04017i2 HyO (wairakite) + 8 H* «»Ca2* + 2 AIP* + 2 HySiOy —91.61 91.61 2650.40
CapAl4Sig0,4i7 HyO (leonhargi;cle)s 1+ 016 H* + Hy002 Ca?* +4 AP + 9869 98.69 530170
4 4

CaMg(SiO3), (diopsite) + 4 H* + 2 HyO«>Ca®*+ Mg?* + 2 HySiO, —120.77 120.77 1327.00
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Table A5. Exergy analysis of biota-atmosphere (Photosynthesis).

Photosynthesis Ex;, (K]) Exoyut (KJ) EXgostruction (KJ) Efficiency
PAR Reflection 9977 9977 0 100
Non-PAR Reflection 13,226 661 12,564 50
Photosystem II absorption 5319 4193 1126 78.8
Photosystem I absorption 5319 4074 1246 76.6
Photosystem II ETC 4209 2200 2009 52.3
Photosystem I ETC 4901 2401 2500 49
ATP synthase 1372 992 381 72.2
Calvin cycle (dark 3509 2848 661 81.2

reaction)

overall 23,334 2848 20,487 12.2

Table A6. Exergy analysis of biota-atmosphere (Aerobic Respiration).

Reaction Ex;, (kJ/mole) EXgestruction (KJ/mole) Efficiency
30, +H' +e” — FH0 335.27 169.78 49.36

Table A7. Exergy analysis of biota-atmosphere (volatilization).

Reaction AG (kJ/mole) EX gestruction (kJ/mole) Ex;, (kJ/mole)
H,O + CH3NH; — CH30H + NHj3 55.87 55.87 211.00
H,0 + CH3SH — H,S + CH30H —72.80 72.80 119.87
%02 + CH3SH — CH3OH + SO, —514.29 514.29 638.90
H,0 + CH,CH3;NH, — CH;CH30H + NH3 —57.70 57.70 426.10
H,0 + CH,CH3SH — H;S + CH,CH30H 649.12 649.12 957.85
%Og + CH,CH3SH — CH,CH30H + SO, —593.22 593.22 962.59
Surface Volatilization
55 4+ 6KNO3 + 2H,0 — 3N; + K»504 + 4KHSO,4 —1243.65 1243.65 2933.40
5K5S,03 4+ 8KNO3 + H,O — 4N, 4 9K,50,4 + H,SO, —3106.80 310.00 1358.70

Table A8. Exergy analysis of biota-atmosphere (ion exchange).

Ion Exchange AG (KJ/mole) Ex;, (kJ/mole)
2F 4 2e~ — 2F~ 325.70 504.90
Cly +2e~ — 2C1~ 179.60 175.80
NO; +6H" +5e~ — 3N + 3H,0 169.95 2413.00
O, + H +4e~ — 4H,0 169.78 335.06
N, +6H" + 60~ — 2NH; 59.77 1988.52
2H" +2e~ — H, 51.08 662.60
Fe?t +2¢~ — Fe 7.62 376.40
Zn?t +2¢~ — Zn —23.26 339.20
Kt+e =K —233.42 366.60
NO; +2H" +4e~ — NO; + H,0
Fe3tT + e~ — Fe?t 125.39 376.40
SO~ +10H" + 8¢~ — HpS + 4H,0 78.99 78.99
CO, +4H" +4e~ — C+2H,0 71.35 1344.68
APT 43¢~ — Al —109.40 888.20
Mg +2e~ — Mg
Nat +e~ — Na —212.44 336.60

CaZt +2e~ — Ca —226.88 729.10
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Table A9. Exergy analysis of biota-atmosphere (carbon cycle).

Reaction EX gostruction (KJ/mole)

Ex;, (kJ/mole)

Slow Reactions in Carbon Cycle

CaSiO3 + CO; 4+ 2H,0 — Ca(OH)z + SiO; + H,CO3 324 44.88
Ca(OH), + H,CO3; — CaCO3 + 2H,0 81.24 2276.98
CaSiO; + CO, — CaCO;3 + SiO» 48.84 60.18
Fast Reactions in Carbon Cycle
CO; + H,O — CH,O + O,
CO, (atmosphere) = CO,(dissolved)
CO,(dissolved) + H,O = H,CO;3 510.17 20.38
CO; + H,0 = HCO; + H™
HCO; =H' +C0%-
CH,0 + $CO, = CO, + $CH,
Methane formation 1054 548.14
g+ -
HCOs = H' + HCO;, 201.16 2206.18

Soil inorganic carbon

Table A10. Exergy analysis of solution-atmosphere interactions.

Reaction EXgestruction (KJ/mole) Ex;, (kJ/mole)
Nitrogen
2H' + H,0 + NO; — NHj + 20, 57.98 1793.5
NO; +H — 1H,0+ %Oz +NO, 130.39 1461.3
NO; +H" — IH,0+ 0, + NO 93.79 1461.3
2NO 3 +2H" — HO + 30, + N, 169.95 2260

Table A11. Exergy analysis of solution-atmosphere interactions.

Complexes Log K AG (kJ/mole) EX gestruction (KJ/mole) Exi, (kJ/mole)
CaF, (fluorite)<+Ca?* + 2F~ —10.41 59.42 70.82 130.23
Ca2 + Cl~ +CaCl* —1.00 5.71 822.31 828.02
Ca?*+0/50; + 2 Cl~ +CaCl, 0.00 0.00 903.70 903.70
CaZ*+ CO,(g) + HyO+CaHCO3+H* —6.70 38.24 788.04 826.28
Ca?"+ COy(g) + HyO++CaCOs + 2 H* —15.01 85.67 835.47 921.14
Ca?+ NO; ™ ++CaNO3z* —4.80 27.40 763.21 790.61
Ca?*+ 2 NO3;~ < Ca(NO3), —4.50 25.68 767.81 793.50
Ca2* + 2 H,0+Ca(OH), + 2 H* —27.99 159.76 891.06 1050.82
Ca?*+ H,yPO,~ +»Ca H,PO, 1.40 —7.99 1058.65 1050.66
Ca?* + H,PO,~ ++CaHPO, + H* —4.46 25.46 1092.10 1117.56
Ca?* + HyPO,~ ++CaPO,+ 2 H* —13.09 74.71 1141.36 1216.07
Ca?* + S0,% ++CaS0y, 2.31 —13.18 1325.62 1312.43

Table A12. Exergy analysis of solution atmosphere (crystal modification dissolution reaction).

Crystal Modification Dissolution Reaction Log K AG (kJ/mole) Ex;, (kJ/mole)  Exj.stpuction (KJ/mole)
CaS0y i2H,0+Ca?t + SO42~ + 2H,0 4.60 26.26 26.26 26.26
CaCOs.,CaZt+ CO52~ 8.35 47.66 48.66 1

Fe(OH)3<Fe3* + 3 OH™ 38.7 220.89 260.49 39.60

Al(OH);AIP* + 30H™ 33.8 192.92 566.32 373.40

Al(OH)3<AP* + 30H~ 33.0 188.35 3922.75 3734.40

AI(OH), HyPO4 AP +2 OH™ + HyPO, -30.5 —174.08 174.08 174.08

Fe(OH), HyPO,<Fe?t + 2 OH~ + HpPOy —35.0 —199.77 199.77 199.77
Cat + HoPO, = CaHPO, + HT —0.09 0.50 1677.97 0.50
Ca’t + HzPO4’1 = CaPOy +2HT 13 74.71 1752.18 74.71
Variscite AI(OH),H,PO4 = APY 4 20H + H,PO, 30.5 —174.08 2778.65 174.08

Strengite 199.77

Fe(OH),H,PO, = Fe>* +20H™ + H,PO, 35.0 —199.77 2238.86
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Table A12 shows it as a general case, since 0.34% of the total exergy destruction is
related to mineral dissolution, and its amount is negligible compared to the total exergy
destruction of the soil.

Table A13. Exergy analysis of solution atmosphere (protonation).

Protonation AG (kJ/mole) EXgostruction (KJ/mole) Ex;, (kJ/mole)
OH™ +H" — 2H,0 —5.72 x 10714 8.94 x 102 8.96 x 102
HCO; +H" — CO, +H,0 1.02 x 103 1.02 x 103 1.54 x 103
2KAISi30g + 2H" + 9H,0 — AlSi;O5(OH), + 2K ™ + 4H,Si04 6.12 x 10° 6.12 x 103 6.80 x 10°
H,S04 + H,O = H;0" + HSO, —1.32 x 102 1.32 x 102 1.64 x 102
(CH3),CH, + HBF, = (CH3),C" + BF, —2.19 x 102 2.19 x 102 9.51 x 102
NH; + HCl — NH,ClI —8.20 x 10 8.20 x 10 4.62 x 102
H,SO; — 2H' + 503~ —3.59 x 10° 1.16 x 10° 2.44 x 10°
HNO; — H" + NO; —7.46 x 102 8.81 x 10! 1.28 x 10°

Soil Acidification

NH; and H* restitution 1.25 x 10° 5.89 x 102 6.65 x 102
Ca?tand 2H™ restitution —2.27 x 10? 2.27 x 102 7.29 x 102
Ca®" +50;” = CaSO;, ~1.32 x 10 1.33 x 10° 1.31 x 10°
Al(OH)3<AIP* + 30H™ 1.93 x 10? 5.66 x 102 3.73 x 102

Table A14. Exergy analysis of solution atmosphere (soil acidity).

Reactions AG (kJ/mole) Exoyut (kJ/mole) EXgestruction (KJ/mole)
Soil acidity adjustment —287.86 287.86 503.36
(H"')2 + CaCO; — Ca® + CO, + H,O 443.00 240.12 678.90
Acid Rain

Limestone Neutralization

CaC03 + HzSO4 — CaSO4 + H2C03 —179.70 149.90 179.70

HyCO3 — CO, gas + H,O —1019.67 521.82 1019.67

AI(OH)3; + HpSO4 — Aly(SOy4)3 + HyCO3 —1141.76 1154.00 7617.78
Cation Exchange Reactions

Kt +e =K —233.42 133.18 233.42

Ca’t +2e~ — Ca —226.88 502.22 226.88

Table A15. Exergy analysis of soil reactions (dissolution and precipitation).

Mineral Dissolution

Reaction Log (K) AG (kJ/mole) Exjostruction (KJ/mole)
CaSOy (gypsum)«>CaZ* +SO,2~ —4.60 11.40 11.40
CaCO; (calcite)«<>Ca2* + CO32~ —8.35 20.70 20.70
Fe(OH)3 (a1110rphous)<—>Fe3Jr +30H™ —38.70 95.93 95.93
Al(OH); (Gibbsite)«>Al3* + 30H™ —33.00 81.80 81.80

Fe(OH),H, POy (Strengite)«>Fe3* + 20H™ + H,PO, —35.00 86.76 86.76
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Table A16. Exergy analysis of soil reactions (Dissolution and Precipitation).

Reaction Log K AG (kJ/mole) EXgestruction (kJ/mole)

H,SO; — 2H + 505~ —3592.54 1157.19

HNO; — H" + NO; .. —746.27 88.07

CaS0, i2H,O>Cay+ + SO42- + 2H,0 4.6 26.26 26.26

CaCO3+Ca?t + CO52~ 8.35 47.66 48.66
Fe(OH)3<Fe®* + 3 OH™ 38.7 220.89 260.49
Al(OH)3+ AP + 3 OH™ 33.8 192.92 566.32
Al(OH)3+ AP + 30H™ 33 188.35 3922.75
Al(OH),H,PO, <Al + 2 OH™ + H,PO, —30.5 —174.08 174.08
Fe(OH),H,PO,<+Fe®* + 2 OH™ + H,PO, —35 —199.77 199.77
Ca?" + HpPO, = CaHPO, + H" —0.09 0.50 1677.97
Ca’" + HPO, ! = CaPO, +2H" —13.09 74.71 1752.18
Variscite 30.5 —174.08 2778.65
Strengite 35 —199.77 2238.86

Table A17. Exergy analysis of solid and solution (weathering).

Reaction Type Reaction Formula Exjostruction (kKJ/mole)
carbonation CaCOj3; + H,CO3—Ca (HCO3), 527.54
Solution Mineral (Fe, Al, and Mn)+H;O— Anions+ Cations 264.49
Hydrolysis 3KAI* + Si3O, + 14H,0—K (AlSi3)*Aly*0;(OH), + 6Si(OH)4 + 2KOH 6119.50
Hydration Mineral (Mg, Ca, Mn, Fe, and Al)+ Hzoﬁ\/\./ater enters the mineral Structure 189.13

of anhydrous mineral
o Fe?* + 2H0 + 1 Oy¢>Fe (OH); + H* 171.59
Oxidation And similar for Mn2* e
Reduction 2Fe, O3 (Hematite) — O, —4FeO (Ferrous Oxide) — Reduced form 287.86
Complexation Complexation reaction of Al, Mn, and Fe. 480.87
Table A18. Exergy analysis of solid and solution (rainfall).
Reaction AG (kJ/mole) EXgestruction (KJ/mole) Ex;, (kJ/mole)
Rainfall
2Fe3t 4350, + 6H,0 — 2Fe(OH); + 6H 43505 856.42 856.42 2582.8

Table A19. Exergy analysis of solid and solution (soil pollution reactions (Pb)).

ExXjestruction (KJ/mole)

Reaction Log K
Oxides, Carbonates, and Sulfates
PbO(yellow)+2H* ++Pb?* +H,0 12.89
PbO(red)+2H* +Pb%* +H,0 12.72
Pb(OH),+2H* <+Pb** +2H,0 8.16
Pb30,4+8H*++3 Pb%* +4H,0 73.79
szCO3C12+2H+ 49.68
Pb3(CO3),(OH),+6H* 4.65
PbCO3.PbO+4H* —1.80
PbSO, 17.51
PbSO4.PbO 17.39
PbSO,+Pb%* + S0, —7.79
PbSO4.PbO + 2H* —0.19
PbSO4.2PbO + 4H* 11.01

PbSO,4.3PbO + 6H* 22.30

31.95
31.53
20.23
182.91
123.15
11.53
4.46
43.40
43.11
19.31
0.47
27.29
55.28
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Table A19. Cont.

Reaction Log K EX jostruction (KJ/mole)
Silicates
PbSiO5+2H* + H,O 5.94 14.72
Pb,SiO, + 4H* 18.45 45.73
phosphates 0.00
Pb(H,POy),<Pb?" + 2H,PO,~ —9.85 24.42
PbHPO, + H* —4.25 10.53
Pb3(POy), + 4H* —5.26 13.04
PbsO(PO,), + 6H* —2.24 5.55
Pbs(PO,)3OH + 7H* —4.14 10.26
Pbs(PO4)3Br + 6H* —19.49 48.31
Pbs(PO4)sCl + 6H* —25.05 62.09
Pbs(POy)sF + 6H* —12.98 32.18
Other Minerals
soil_Pb«Pb%* -850 21.07
PbMoO, +Pb%* + MoOy —16.04 39.76
PbS«>Pb%* + 2~ —27.51 68.19
Pb2* + 2esPb —4.33 10.73
Hydrolysis Species
Pb%* + H,O -7.70 19.09
Pb%* + 2H,O —17.50 43.38
Pb2* + 3H,O —28.09 69.63
Pb%* + 4H,0 —39.49 97.89
2Pb2%* + H,O —6.40 15.86
3Pb2* + 4H,0 —23.89 59.22
4Pb2* + 4H,0 —20.89 51.78
6Pb%* + 8H,O —43.58 108.03
Pb%* + 4Br— 2.30 5.70
Pb2* + Cl~ 1.60 3.97
Pb2* + 2C1~ 1.78 441
Pb2+ + 3Cl1~ 1.68 4.16
Pb2* + 4C1— 1.38 3.42
Pb%* + F~ 1.49 3.69
Pb2* + 2F~ 2.27 5.63
Pb2* + 3F~ 3.42 8.48
Pb?* + 4F~ 3.10 7.68
Pb%* + 1~ 1.92 4.76
Pb2+ + 21~ 3.15 7.81
Pb2+ + 31~ 3.92 9.72
Pb2* + 41~ 4.50 11.15
Pb%* + NO3~ 1.17 2.90
Pb%* + 2NO3~ 1.40 3.47
Pb2* + HyPO,~ +>PbH,PO,* 1.50 3.72
Pb%* + H,PO, ~ <»PbHPO,+H* —4.10 10.16
Pb2* + P,Oy 11.30 28.01
Pb%* + S04 2.62 6.49
Pb2* + 250, 3.47 8.60
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Table A20. Exergy analysis of solid and solution (soil pollution reactions (Zn)).

Reaction Log K EX jostruction (KJ/mole)
Zn%* + H,O —7.69 19.06
Zn?* + 2H,0 —16.80 41.64
Zn** + 3H,0 —27.68 68.61
Zn%* + 4H,0 —38.29 94.91
Zn?* + Cl—- 0.43 1.07
Zn%* +2C1- 0.00 0.00
Zn2* +3Cl- 0.50 1.24
7Zn%t +4Cl- 0.20 0.50
Zn%t + HyPO,~ 1.60 3.97
Zn?* + HyPO,~ —3.90 9.67
Zn%* +NO;~ 0.40 0.99
Zn%** + 2NO3~ —-0.30 0.74
Zn?* + S0, 233 5.78
Zn(OH), + 2H* —25.80 63.95
a-Zn(OH), + 2H* 12.48 30.94
B-Zn(OH), + 2H* 12.19 30.22
gamma-Zn(OH), + 2H* 11.78 29.20
E-Zn(OH), + 2H* 11.74 29.10
ZnO + 2H* 11.53 28.58
ZnCO; + 2H* 11.16 27.66
soil_Zn + 2H* 7.91 19.61
ZnFe,O, + 8H* 5.80 14.38
ZnSiOz+2H* + H,O 9.85 24.42
Zn,SiOy + 4H* 13.15 32.60
ZnCly<+Zn%* + ,Cl~ 7.07 17.53
ZnS04<>Zn%t + SOy 3.41 8.45
Zn0-2ZnS0, + 2H* 19.12 47.40
Zn(OH),.ZnSO, + 2H* 7.50 18.59
Zn3(POy), 4H,0 + 4H* 3.80 9.42

Table A21. Exergy analysis of solid and solution (soil pollution reactions (Cd)).

Reaction Log K EXgostruction (KJ/mole)
Cdy+ + 2e<+Cd —13.64 33.81
CdO +2H* 15.14 37.53
B?_Cd(OH), + 2H* 13.65 33.84
CdCO5 + 2H* 6.16 15.27
CdSiOs+2H* + H,O 7.63 18.91
CdSO4+Cd + SOy —0.04 0.10
CdS0O4.H,0+Cd + SO, + H,O —1.59 3.94
CdS04.2Cd(OH), + 4H* 22.65 56.15
2CdS0,.Cd(OH), + 2H* 6.73 16.68
Cd5(PO4), + 4H* 1.00 248
CdS«Cd%* + 5%~ —27.07 67.10
soil_Cd«Cd?* —7.00 17.35
Cd?* + H,O —10.10 25.04
Cd%* + 2H,0 —20.30 50.32
Cd?* + 3H,0 —33.01 81.83
Cd?* + 4H,0 —47.29 117.22
Cd%* + 5H,0 —61.93 153.51
Cd?* +6H,0 —76.81 190.40
2Cd%* + H,O —6.40 15.86

4Cd?* + 4H,0 —27.92 69.21
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Table A21. Cont.

Reaction Log K EX jostruction (KJ/mole)
Cd2* + Br~ 2.15 5.33
Cd?* + 2Br~ 3.00 7.44
Cd?* + 3Br~ 3.00 7.44
Cd?* + 4Br~ 2.90 7.19
Cd? +Cl- 1.98 491
Cd?* +2C1~ 2.60 6.44
Cd% +3C1- 2.40 5.95
Cd?* +4C1 2.50 6.20

Cd?t +1- 2.28 5.65
Cd?+ + 21~ 3.92 9.72
Cd2* + 31~ 5.00 12.39
Cd?+ + 41~ 6.00 14.87
Cd?* + NHy —0.73 1.81
Cd%* + 2NH, —14.00 34.70
Cd?* + 3NH, —21.95 54.41
Cd?* + 4NH, —30.39 75.33

Cd** + CO, + H,O —5.73 14.20
Cd?* + CO, + H,O —14.06 34.85
Cd?* + NO;~ 0.31 0.77
CdZ* + 2NO;~ 0.00 0.00
Cd?* + HyPO,~ —4.00 9.92
Cd?* + P,0, 8.70 21.57
CdZ* + 50, 245 6.07

Table A22. Exergy analysis of solid and solution (soil pollution reactions (Cu)).

Reaction Log K EX jostruction (kJ/mole)
CuO + 2H* 7.66 18.99
Cu(OH), + 2H* 8.68 21.52
CuCOj3 + 2H* 8.52 21.12
Cu2(OH),CO; + 4H* 12.99 32.20
Cu3(OH),(CO3), + 4H* 19.57 48.51
a_CuFe,O, + 8H* 10.13 25.11
soil_Cu + 2H* 2.80 6.94
CuSoz+>Cu?t + SO, 3.72 9.22
CuSoy/5H;04Cu?* + SO5+H,0 —2.61 6.47
CuO.CuSOy + 2H* 11.50 28.51
Cuy(OH)¢SO4 + 6H* 15.35 38.05
Cuy(OH)4S04.1.3H,0 + 6H* 17.27 42.81
CU3 (PO4)2 + 4H+ 2.24 5.55
Cuz(POy).2H,0 + 4H* 0.34 0.84
CuyPy07432Cu?* + P,Oy —15.22 37.73
Cu** + H,0 —7.70 19.09
Cu?* + 2H,0 —13.78 34.16
Cu?* + 3H,0 —26.75 66.31
Cu?* + 4H,0 —39.59 98.14
2Cu?* + 2H,0 —10.68 26.47
Cu?* +Cl- 0.40 0.99
Cu®t +2C1- —0.12 0.30
Cu?t +3C1~- —1.57 3.89
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Table A22. Cont.

Reaction Log K EX jostruction (kJ/mole)
Cu?* + CO, + H,O —5.73 14.20
Cu?t + CO, + H,O —11.43 28.33
CuZ*+2C0O; + 2H,0 —26.48 65.64
Cu?* + NO3~ 0.50 1.24
Cu?* + 2NO;~ —0.40 0.99
Cu?* + HyPO,~ 1.59 3.94
CuZt + HPO,~ —4.00 9.92
Cu?* + 2H* + P,Oy 18.67 46.28
Cu?* + P05 14.78 36.64
2Cu2* + S0y 6.64 16.46
Cu?* mineral —0.03 0.07
Cu?* mineral 2.36 5.85
Cut +e” 2.62 6.49
Cu* +e 8.87 21.99
Cu?* +2e 11.49 28.48
CuO, +2H* —2.17 5.38
CuOH + H* —0.70 1.74
a?_CuyFe, Oy + 8H* —13.53 33.54
CquO4<—)2Cu+ + SO4 —1.95 4.83
Cu* + Cl~+CuCl 2.70 6.69
Cu™* +2C1~+CuCl,~ 5.51 13.66
Cuy + 3Cl-<+CuCls 5.70 14.13
2Cu* +4Cl~ +CuyCly 13.10 32.47

Table A23. Exergy analysis of solid and solution (fertilizers).

. AG Exdestruction Exin
Reaction (J/mole)  (kJ/mole) (kJ/mole)
Nitrogen
(1) Urea
NH,;CONH; + 2H,0 — (NH4),CO3 —7771.1 7537.41 15,308.51

(NH4),CO3 + 30, — 2HNO; + 3H,0 + CO, 738.5 738.5 1605.16
2HNO; + O, — 2NHO3 —2717.2 2717.2 2796.36

2HNO; + CaCO3; — Ca(NO3), + CO; + H,O —309.26 103.88 103.3

MICELLE — Ca + 2HNO3 = MICELLE — HH + Ca(NO3), —818.4 836.4 948.4

(2) Ammonium Sulfate

MICELLE — Ca + (NHy4),5S0, = MICELLE — NH4NH, + CaSO4 —1287.73 652.43 660.6
MICELLE — NH4NH, + 30, — MICELLE — HH + 2HNO, + H,O 1852.9 1264.1 1338.4
CaCO3 +2HNO; = Ca(NO3), + CO, + H,O —1454.4 1457.62 1557.7
MICELLE — Ca + 2HNO3; — MICELLE — HH + 2HNO; + Ca(NO3), 1974.2 854.6 2061.2

(3) Calcium Ammonium Nitrate

MICELLE — Ca + 2Ca(NOs3),NH4NO3; — MICELLE — NH;NH, + 3Ca(NO3), —816 1182 2052
MICELLE — NH4NHy4 + 30, — MICELLE — HH + 2HNO, + 2H,0 2325.2 2325.2 2336.54
2NHO; + O, — 2HNO;3 —2717.2 335.06 422.06
2HNO; + CaCO3; — Ca(NO3), + CO; + H,O —309.26 226.64 412.56

MICELLE — Ca + 2HNO;, = MICELLE — HH + Ca(NO3), —3535.6 4303.2 749.6

Phosphorous
Acidification

Ca(H,POy4), +2H,O = CaHPO, + HT + H,PO, —2122.6 764.8 1298.5
at pH<7/7 CaHPO,4 + H,O = Ca?t + H,PO, +OH™ 65.7 396.7104 1297.6

Ca(H,POy4), +2Ca + 40H = Ca3(POy), +4H,0 —2875.5 2825.5 5724

Ca(H,POy), + 2CaCO3 — Caz(POy), + 2CO, + 2H,0 —3214.42 1509.98 1764.6
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Table A23. Cont.

. AG EX jestruction Exiy
Reaction (kJ/mole) (kJ/mole) (kJ/mole)
Phosphate Fertilizer
(Ca3(POy),),CaF, + 14H3PO4 = 10Ca(H,POy4), + 2HF —15,460.45 13,862.95 29,3234
Phosphate Fertilizer—Single Super Phosphate
2AL + Ca(HpPOy), + 2H,0 = Al(OH),H,POy + Ca + 2H" 22254 1575.3 3325.2
2Fe + Ca(H,POy), + 2H,0 = 2Fe(OH),H,POy + Ca + 2HT —3322.6 6777.28 8867.08
2Ca(H,POy4), + Al(OH); = 2AL(OH),H,PO, + 2Ca + 2(OH) ~ 33,865 29,859.64 63,724.64
2Ca(H,POy), + 2Fe(OH); = 2Fe(OH),H,PO, + 2Ca + 2(OH) ~ 14,874 62,783.6 84,403.4
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