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Abstract

The objective of this work is to perform the sensitivity study of the anaerobic mineralization of
chlorophenol in a three-tiered food web model, with respect to the biological parameter. Recently,
this study has been performed only numerically in the case with maintenance, and where only
the chlorophenol input concentration is added to the system. Here, we construct analytically the
operating diagrams, which depict the asymptotic behavior of the system according to operating
parameters, in the particular case, then in the general case including the three input substrate
concentrations, as well as maintenance. They show the effect of the biological parameter on the
asymptotic behavior of the process by increasing this biological parameter.
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I INTRODUCTION

The chemostat plays an important role as a model in various scientific fields such as mathemati-
cal biology. It is used as a model of the wastewater treatment process. It was performed to have
a better understanding of anaerobic digestion (AD), which is an important process used in the
treatment of wastewater and waste, including a large number of species that coexist in a very
complex relationship. The full anaerobic digestion model (ADM1) developed in [1] contains
32 state variables and a large number of parameters.

The so-called AM2 model developed in [2] represents a two-tiered food web and provides a
satisfactory prediction of the AD process by using the parameter identification theory and ex-
perimental data. In [10], the authors consider a three-tiered food web with three microbial
species (chlorophenol and phenol degraders and hydrogenotrophic methanogen) that encapsu-
lates the essence of the AD process. The corresponding model represents an extension of the
model considered by [11].

Here, we reconsider the three-tiered model, developed in [10], which can be written as follows:
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where Sc,, Spn and Sy, are the chlorophenol, phenol and hydrogen substrate concentrations,
respectively; Xcn, Xpn and Xy, are the chlorophenol, phenol and hydrogen degrader concen-
trations; D is the dilution rate; f;, 7 = 0, 1,2 are the specific growth rates; Si, St and S, are
the inflowing concentrations in the chemostat; Kgec ch, Kdec,ph and Kgec 11, are the maintenance
(or decay) rates; Y, Ypn and Yy, are the yield coefficients. The value 224/208 (1 — Yy,) is the
fraction of chlorophenol converted to phenol, 32/224 (1 — Y;,) is the fraction of phenol that is
transformed to hydrogen and 16 /208 is the fraction of hydrogen consumed by the chlorophenol
degrader X ;. The growth functions take the following form:

fO (Scha SHQ) — K ,chSch SH2 fl (Sph’ SH2) _ _kmphSph 1 (2)

Ks,ch+Sch KsHy,c+SHy " Ksph+Sph 14+Sn, /K1,

km 1, SH
(5 = s

Several authors have studied this three-tiered model (1), see recent works [3, 5, 6,7, 8,9, 10]. In
[10] most of the results on the steady states of model (1) were obtained only numerically, using
specific growth rates given in (1). They have numerically performed several operating diagrams
with respect to the four operating parameters. Recently, a rigorous mathematical analysis of this
model (1) was done in [8] with a general class of growth rates but only the chlorophenol is in the
input. When maintenance is included, a numerical evidence shows that the positive steady state
can destabilize through a supercritical Hopf bifurcation with the appearance of a stable periodic
orbit [8] which was not depicted in [10]. The operating diagrams presented in [8] were obtained
analytically in the case without maintenance and numerically in the case with maintenance. In
[9], the authors have considered the three-tiered model in the case without maintenance.

In [5, 6], we have described analytically the necessary and sufficient existence and stability
conditions of the steady states. The one parameter bifurcation diagrams of the three-tiered
model presented in these works were analytically constructed in the cases with and without
maintenance. They show that the model has in both cases rich dynamics including bistability,
coexistence and occurrence of the limit cycle due to supercritical Hopf bifurcation. Recently
in [7], the operating diagrams were performed theoretically by using the analytical results of
the existence and stability conditions in [5, 6]. We highlighted the impact of the operating
parameters on the asymptotic behavior of the model. We have compared our results with the
findings of the numerical study in [10] where several regions have been omitted.

The operating diagrams show how behaves the system when the operating parameters are vary-
ing, such that the values of the biological parameters are fixed. This bifurcation diagram is very
useful to understand the model from both the mathematical and biological points of view, and
is often constructed both in the biological literature [10] and the mathematical literature [4, 8].

Our main aim in this work is to describe theoretically the operating diagram which determines
the behavior of the system, in the particular case when only chlorophenol is in the input, then,
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in the general case where the three substrates are in the input, with respect to the parameters
D, Sh, Sit and Sji,. With this approach, we highlight how this diagram is affected by bio-
logical parameter variations, under the joined effect of the decay terms. This question was not
considered in [10].

The paper is organized as follows. In section II, we present the steady states of the three-tiered
model. Next, in section III, we describe analytically the operating diagrams in the case with
maintenance terms. Finally, we discuss our results and some conclusions are drawn in section
IV. In Appendix A, we present the change of variables that are used to simplify the analysis of
the general model and we describe the results of [5, 6] on the existence and local stability of the
steady states. The equations of the curves that delimit the regions of the operating diagrams are
provided in Appendix B.

II STEADY STATES OF THE MODEL

The mathematical analysis of (1) given in [5, 6, 8] is carried out with a general class of growth
functions, of which functions (2) are a particular example. Under these assumptions, system (1)
can have up to eight possible steady states, labeled below as:
e SS1: the washout steady state where all populations are extinct.
SS2: only the hydrogenotrophic methanogens are maintained (X, > 0).
SS3: only the chlorophenol degraders are maintained (X, > 0).
SS4: only the hydrogenotrophic methanogens are washed out (X, and X, > 0).
SS5: only the phenol degraders are washed out (X, and Xy, > 0).
SS6: all three populations are present (X, Xpn and Xy, > 0).
SS7: only the phenol degraders are present (X, > 0).
SS8: only the chlorophenol degraders are washed out (X, and Xy, > 0).

From [6], the components of these steady states are given in Table 2. The conditions of their
existence and stability are provided in Table 3.

Remark 1:
The steady state SS1 always exists. There exist at most two steady states of the form SS4, that
we denote by SS4! and SS42. The other steady states are unique if they exist (see [8]).

III'  OPERATING DIAGRAM

Our objective now is to describe analytically the operating diagram of system (1). The biolog-
ical parameter values used for plotting the operating diagrams are provided in Table 1 of [10].
The boundaries of the regions in the operating diagram are surfaces, where bifurcations occur.
Using Table 3, these boundaries are the surfaces I';, ¢ = 1,...,12 of the (D, S S;iﬂn Sﬁ;)—
space and defined in Table 4. Using our result in [7], we recall the existence and the stability of
the steady states of (1) according to the twenty-seven regions J;, « = 1,..., 27 of the operating
diagrams determined in Table 1.

Remark 2:

Each region is denoted by its steady states, indicating which are stable and which are unstable.
For instance, the region Js = (2,1) in Table 1 means that when the operating parameters are
taken in Jg, then the steady state SS2 is stable, the steady state SS1 is unstable, and there is no
other steady state.



Table 1: Existence and stability of steady states in the regions of the operating diagrams of Figs. 1 to 8.

Region SS1 SS2 SS3 SS4' SS4° SS5 SS6 SS7 SS8 | Color
= (1) S Red
= (142,4") S u S green
= (16,4'4?) S u U S Yellow
= (1,4'4%) S u U Blue
= (1,4%4%6) S Uu U U Blueviolet
—(2.1) U s White
7 — (2,13) U S U White
8 — (5,123) U U U s Pink
9 = (3,12) u U S DimGray
— (342,124 | U U S U S Olive
jll = (6,1234?) U U U U S Magenta
T2 = (6,123425) u U U u U S Magenta
Tz = (42,123) U U U S Purple
Jua=(6,1234%8) | U U U U S U | Magenta
Jis=(6,1234?58) | U U U u U S U | Magenta
Jie = (6,12358) U U U u S U | Magenta
Jir = (8,123) U U U S | Orange
Jis = (8,12) Uu U S | Orange
Jo = (6,1235) u U U u s Magenta
Joo = (8,1234?) U U U U S | Orange
le = (8, 1234142) u U U U U S | Orange
=(.,12) U U Turquoise
3 e — (. 123) U U U Khaki
4 =(.,1238) u U U U | Green
Jos = (.,123414%8)| U U U U U U | Chocolate
6 —(,1234%8) | U U U U U | Tan
Jor = (., 128) Uu U U | SlateGray

The representation of the regions J;, 2 = 1, ..., 27 in the four-dimensional (D, Sin. S;)‘fl, Sin )

space is not legible enough. For this reason, we will fix the values for S} and Sg and show
the regions of existence and stability in the (S in D) -plane. The intersections of the surfaces I,
i =1...,10 with the (SX, D)-plane are curves of functions of D. However, the intersections
of surfaces I';; and I'5 with the (Sgﬁ, D) -plane are straight lines. The other cases with Sli)‘fl =0

or Sﬁ; = 0 were analyzed by the same way (see [7, 10]).

Following [8, 10], we consider two cases to examine the effect of the operating parameters ngl
and Sy, on the behavior of the model. First, only chlorophenol input is added to the system
(Sph = Shi, = 0). Then, the hydrogen and phenol inputs are added to the system (Sp;, = 1 and
Slijfz = 2.67x1072). In addition, we consider four cases to examine the effect of the biological
parameter Kg p, ., on the behavior of the model, as in [8]. The values of the biological parameter
Kg 1, are given in Table 5.

3.1 Only chlorophenol is in the input

Assume that Sg}‘l = Sg; = 0, we plot in the following the operating diagrams corresponding to
four cases which obtained with the numerical parameter values of Kg y, .
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3.1.1 Operating diagrams: case (1)

First, we consider the case of Fig. 4 in [8] where Ky, . = 107°. The operating diagram in the
plane ( in D) is shown in Fig. 1 which highlights the existence of the region [J5 of instability
of SS6 which was already detected in [8], a fact that was not reported in [10]. Note that, each
region that has a different asymptotic behavior is colored by a distinct color as in [8]. Therefore,

D (a) D (b) T4yTy

0.5 0.10
J2
0.4 Fl

I

0.3

I3

0.2

J3
0.1 F
j?/ ’ Fg in

0

! m
o 1 3 4 s 6~ ch 0 0.05 o.10 0.15 020~ ch

Figure 1: Case (1): opérating diagram in the plane (Sé’ﬁ, D). (b) A magnification for D € [0,0.1].

our theoretical study shows the same behavior as Figs. 8 and 9 in [8] and confirms the numerical
findings presented in [8], in the case with maintenance.

3.1.2  Operating diagrams: case (2)
In the following, we study the operating diagrams of system (1) in the ( i D) -plane by as-
suming a small increase to the biological parameter Kgp, . = 4 X 10~ as in Fig. 5 of [8].
D (a) D (b)
os Fl 0.25

Iy

I
I

I3 I3

I

in in
o 0
o 1 3 4 s 6 Mch 0.5 s~ ch

Figure 2: Case (2): opérating diagram in the plane (Sé‘ﬁ, D). (b) A magnification for D € [0,0.26].

Increasing Ky,  leads to the disappearance of the bistability region 7, of the steady states SS1
and SS4? and to changes in the size of the existence and stability regions of the other steady
states. Actually, the behavior of the system when Kgp, . = 4 x 107° was already clarified in
[8], where the instability of SS3 has been studied numerically in the case with maintenance.
Thus, our theoretical study confirms the numerical findings presented in [8].

3.1.3 Operating diagrams: case (3)

In the following, we analyze the effect of the biological parameter Kg 1, . on the behavior of
the process. By comparing with the results obtained in the previous subsection, we increase the
half-saturation constant Kg y, . of the chlorophenol degrader on the hydrogen from 4 x 107°
to 6 x 107°. The operating diagrams shown in Fig. 3 produce similar results as shown in the
comparison of Fig. 2, with variations only in their shape and extent. However, Fig. 3 shows the
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effect of the parameter Ky, . on the size of the regions, where the regions /3 and J5 diminish.
DIy (b)

FQ 0.01
3 F3 Sin o
: ¢*~ch

Figure 3: Case (3): operating diagram in the plane (Sé‘ﬁ, D). (b) A magnification for D € [0, 0.07].

3.1.4 Operating diagrams: case (4)

Increasing once again the biological parameter Ky, ., when we consider Kg g, . = 7 X 106
corresponding to case (c) in [8]. The operating diagram in the plane (ngl, D) is shown in
Fig. 4. We have seen in the operating diagram presented in Fig. 4 that the steady states SS42
never stable and SS3 never exist, since /5 (I defined in Table 1 in [6]) is empty. Fig. 4 is the

D (a) D (b)

in
020~ ch

Figure 4: Case (4): operating diagram in the plane (S2, D). (b) A magnification for D € [0,0.1].

in
00 1 2 4 s °SCh 0.05 0.10

same as Fig. 12 in [8], which is obtained analytically. Thus, our theoretical study confirms the
numerical results given in [8], such as Fig. 4 shows the same behavior as Fig. 12 in [8] achieved
only numerically.

3.2 Hydrogen and phenol are added in the input

3.2.1 Operating diagrams: case (1)

We construct the operating diagram of system (1) in the (Sj}ﬁ, D) -plane, assuming that Kg 1, . =
1079 as in the case of Fig. 5(d) in [10]. Fig. 5 shows that the operating diagram in the (Sé‘ﬁ, D)-
plane. The magnifications (b)—(c) put in evidence the regions 7;, ¢ = 10,11,12,15,17, 18, 19.
Note that all asymptotic behaviors were detected in Fig. 5(d) of [10].
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Figure 5: Case (1): operating diagram in the plane ( (‘:ﬁ, D). Magnifications (b) for D € [0, 0.55], (c)

for D € [0.2,

0.2

0.1

0.4].
D (a) D (b)
o] Js re
0.4 j7
% AN
7 J20
Ty7J16 J20 "
/i/# J7 / o
| D c)
| Js J7 .
| Tis

Jir

Ts
‘ in

o 0.05 0.10 0.15 020~ ch

Figure 6: Case (2): operating diagram in the plane (S, D). Magnifications (b) for D € [0,0.55], (c)
for D € [0, 0.45].

3.2.2 Operating diagrams: case (2)

Considering the biological parameter Ky, . = 4 X 107° as in case (b) of [8], we represente the
operating diagrams in the ( i D)-plane in Fig. 6. The magnifications shown in Fig. 6(b)-(c)
put in evidence the regions Jis and [Jis. Increasing Ky, . leads to the disappearance of the
bistability region [Jj, of the steady states SS3 and SS42 the stability regions Jg, Jo and Ji3 of
SS5, SS3 and SS42, respectively. Moreover, there is a change in the size of the existence and
stability regions of the other steady states and the emergent of the stability region J5; of the
steady state SS8, where only the chlorophenol degraders are eliminated.



3.2.3 Operating diagrams: case (3)

In the following, we increase Kg i, . from 4 x 107% to 6 x 107 in order to compare with the
results obtained in the previous subsection. To this end, we describe the operating diagrams in
the plane ( i‘ﬁ, D). Fig. 7 show that the regions J;, 7 = 1,6,7,14,...,18,20, 21 are similar to
those in the comparison of Fig. 6, with variations only in their shape and extent. Note that, the
parameter K, . has a effect on the disappearance of the stability region J15 of SS6 and the
size of the regions, where the regions 74 and 75 diminish.

(a) (b)

m in
o
o 1 2 3 4 5 6 Ch o 0.05 0.10 0.15 0.20 Ch

Figure 7: Case (3): operating diagram in the plane ( éﬁ, D). Magnifications (b) for D € [0, 0.55], (c)
for D € [0,0.37], (d) for D € [0,0.35].

3.2.4 Operating diagrams: case (4)

We increase once again the biological parameter Ky, . = 7 x 107 as in case (c) of [8]. Fig. 8
illustrates the operating diagrams in the plane ( in D). From these diagrams, the new regions
Ji» © = 22,...,27 appear under the inffuence of the parameter Kg, .. Note that the steady
states SS2 and SS8 never stable and SS6 never exists, since /5 is empty.

IV CONCLUSION

In this work, we have reconsidered the three-tiered microbial model (1) which was studied nu-
merically in [8, 10]. Our aim was to perform analytically the operating diagrams, by plotting the
curves that separate their various regions. Hence, the regions of the operating diagrams are con-
structed analytically by using the mathematical analysis obtained in our previous studies, and
there is no requirement for time-consuming algorithms to generate the plots, as in the numeri-
cal method in [8, 10]. Moreover, by these operating diagrams, we illustrated its dependence on
the biological parameter of the process. Our analytical study considers the effects of the three
substrate inflowing concentrations, together with the effects of maintenance on the behavior of
the model.



in
o 0.05 0.10 0.15 020~ ch
Figure 8: Case (4): operating diagram in the plane (Si‘ﬁ, D). Magnifications (b) for D € [0, 0.55], (c)
for D € [0, 0.43].

o

Our theoretical description of the operating diagrams in the ( in D) -plane provide the dynam-
ical behavior of the process, according to the control parameters Sg,, Sy, Sh, and D. For
various values of the control parameters Ky, ., our operating diagrams in the plane ( in D)
of Figs 1 to 8, in both cases where only chlorophenol is in the input and when the three input
substrates are included, prove that the variation in the biological parameter Ky, . can desta-
bilize the steady state and it can also modify the shape of the regions. Moreover, it has also an
effect on the appearance and the disappearance of some regions. This sensitivity study was not

performed neither theoretically nor numerically in [8, 10].

A MODEL ANALYSIS

In this section, we recall from [5, 6] the main results of existence and stability of all steady
states of system (1). Following [8], we can rescale model (1) to reduce the number of yield
parameters and ease the mathematical analysis. We use the following change of variables:

Y Y, 1
To = ?OXChu €Ty = ?;LXPIM Lo = EXHga S0 = YSCh7 S1 = KlSph; S2 = SH27 (3)

where the yield coefficients are

}/0:)/(;}1, )/lzifph7}/QZYH27Y3:%(1_YO)7Y4:£<]-_}/I)J

208 224
withY = Y3Y, and w = %. The inflowing concentrations are:
in in in __ in in __ @in
So = Y ch» 51 = YV4 ph» S = Ho» (4)

the death rates are ap = Kgec,ch» @1 = Kdecph aNd a2 = Kgec 11,. Under the scaling (3), the growth
functions become:

mi1S51 1 o So

= s S = s 5
K1+811+82/K[ IU2< 2) K2+82 ()

mosSo 59

M0(30,52) = Ko+ 50 Lo + 55 M1(31,32)
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where

moy = kam,cha KO = YKS,Ch7 LO = KS7H27C7m1 = }/ik:m,pha
Ky =YiKgspn, Kr = Krn,, ma = Yok n,, Ko = Kgn,.

Using the change of variables (3) and (4), and Table 2 in [6], we can recall now the steady states
of system (1) in Table 2. From Table 3 in [5] and the change of variables (4), all necessary
and sufficient existence and stability conditions of the steady states of (1) in the case with
maintenance are stated in Table 3.

Table 2: The steady states of (1). The function p; are given by (5). The function M;, ¥; and ¥ are given

in Table 11 in [6]. For the general case, the functions are given in Table 1 in [6].
50, 51, S2 Zo, L1, T2

SS1 S0 — YSéﬁ, S1 = Y;;Slrfl, S9 = Sﬁg o = O, r1 = 0, Tro — 0

SS2 s9 =Y S, 51 =Y, S0 ohe 52 = Mo(D +a2)  wo=0,21=0,19 = D+a2 (S — s2)
so = so (D, SI, S‘“Q) is a solution of

SS3 @Z)o(so).:D%—ao,gl:Yz; oh Y S —s0 w0 =

= Sin —w (VSiD — 5)
D in

So = 89 (D Sin, ngp Sin ) is a solution of  T0 = Piq, (Y'SH — s0),

854 W(sy, D) = (1 - w)Y S + Y, 50 + 5 T1 = Biay (YSé‘ﬁ + YaS5, — s0 — 81),
so = Mo(D + ag, 52), 51 = M1(D 4+ a1,82) a2 =

Dae (VS —s0), 21 = 0,29 = 0

>

o

sg5 %0 = Mo(D + ag, My(D + az)), z0 = pa (Y S5 — s0), 21 =0,
=YSh + 3/45;;1 — 80, So = Ma(D 4+ ag) x9 = gf@ (SH2 — 59 — (Y ChD— 30))
so = Mo(D + ag, Ma(D + az)), 0= Dtag VS - SO_) ' 2= Diaz (1 -w)
SS6 51 = M1 (D + a1, My(D + ap)), (Y é‘ﬁ —50) + YaS} + Sif, — 51— 32) ,
s2. = Ma(D + az) T1= e ( Seh + YaSph — 31>
so=Y S, 51 =1 (D, S, Si, )
SS7 is a solution of 41 (s1) = D + ay, ro = 0,21 = %al (YALS;% - 51>, z2 =0

= YZ;SS}II + Sﬁ; — 81
so =Y S, s1 = Mi(D + a1, Ma(D + az)), #0= O’ 1= pra (Y4 ph Sl)
S2 = MQ(D + a’2) To = <Y4 Sﬁg — 81 — SQ)

SS8

Remark 3:

In the case without maintenance, the necessary and sufficient conditions of existence and local
stability can be deduced from Table 3 by taking a; = 0, except for the stability condition of SS6
which is given by

¢3(D) Z 0 or ¢3(D) < Oa ¢4( ch? }1)1;17 1}1112) > Oa (6)
where the function ¢j3 is defined in Table 1 in [6] and ¢, is defined by:
¢4(D ch’ ph7 S ) = (EI]?()IQ + EG¢3(D)JIOZL’1)(IZ‘2 + (G + H)I‘l + (E + WF)Z‘())

+(Lzg + (G + H)zy + wFa0)Gla 4, 7
with
E 8,:(()) <80752) F all(:QO (80782> G 8{:11 (517 32) H — _a_/(:;(sh 82>, [ = £(52)_
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Table 3: Case of maintenance: necessary and sufficient existence and local stability conditions of steady
states of (1). The functions cs, cs, 3 and r5, used in the stability condition of SS6, are given in Table 2
in [5]. All other functions are given in Table 8 of [5].

Existence conditions Stability conditions

po (SBY, S) < D + a,

SS1 always exists I (S;?IH,S%;;) <D+ ay i (S%%) < D+ay
SS2 s (Si,) > D +as SaY < o(D), SpiYa < ¢1(D)

1 (SéﬁY%—SgﬁYél—so, S —w (SBY —s0)) <D+a
SS3 yp (SBY,S1) > D+ ag Sin — wSBY < My(D + as) — wio(D)

with sq solution of equation 1y(sg) = D + ag

SS4

(I —w)SRY + S8 Yi+ Si, > ¢1(D),
Sgﬁy > My (D + ag, 82), in in in
SBY + 81V, > My (D + ag, s») (61\11— W)SAY + SpiYa + S, < 62(D),
+M; <D+(l1,82), _(52,D) >0 and ¢3(D) >0
. . . 882
with s solution of equation
U(sy) = (1 —w)SRY + ShYi + S,

SS5

SRY > ¢y(D),

S WS > My(D 4 ay) —wpy  b) T ¥t < @o(D) (D)

SS6

(I —w)SRY + SHYy + Si, > ¢a(D),

. ; - c3>0,¢5>0,r4>0,r5>0
SBY > 00, SRY + SRV > po+p1 0 i ! ]

SS7

. . SpnYa+ S, < My (D + ar, M3 (S§Y, D + ag))
1 (ngln, Sﬁg) > D+ a . ' +Mj, (Sé?l}/, D + CLQ),
8;11/4 + Sﬁ; < p1(D) + My(D + as)

SS8

Y. > o1 (D),

[ . Sy < po(D
SMYy+ S, > pu(D) + My(D +ay) Y = #0lD)

B TABLES

Table 4: Definitions of the surfaces I';, i = 1,...,12 where s¢ is the solution of ¥y(sg) = D + ag and
s3t, i = 1,2 are the solutions of \I/(SQ, D)= (1- w)YSi‘f1 + HS%EI + Sit.

Iy = {(Séﬁ,S;‘ﬁ,Sﬁ;, ) SnY (1 —w) ¢2( ) Sy, — Sl

[y = { (S, Sph S, D). 75 (D Séﬁ,Sg;l,Sm) =)

Ly = {(Sgﬁ’ S;)I}ll’sﬁlz’ )7 S(I:ﬁy M, (D + ao, Sﬁ;)}

Ls = {<Séﬁ’S;%»S;%, D), SBY = (D)}

Lo = {( ch: Ophr St )’ SenY w = Sm + wipo(D) — Ma(D + a2)}

L7 = { (S Sph Sity, D), SehY = o (D) + ¢2(D) — Vi)

Lo = {53, Sh. it D). s [TVt SY — 50, 5, 2 (SY )] = D a1}
Dy — { (S5, 5. it D), SBY — My (D + ao, 531) + My (D + ar,531) — S5.Y4]

1o = {(Sérﬁa S Sity: D), Sy = Mo (D + ag, 83%) + My (D + ax, 53%) — SpVa |

ph’

Fllz{( chs ph?SH27 ) SSEHZSOI(D)}

Do = {(S4. S Sih,. D), D +az = 2 (Si,)}

Table 5: Parameter values of the biological parameter K5 1, . for cases (1), (2), (3) and (4).
Cases | (A) B) © (D)
Ksp,|107% | 4x107% | 6 x 107% | 7x 107°
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