Extension and application of the three-phase weak
acid/base kinetic model to the aeration treatment of
anaerobic digester liquors

EV Musvoto, GA Ekama*, MC Wentzel and RE Loewenthal
Water Research Group, Department of Civil Engineering, University of Cape Town, Rondebosch 7701, South Africa

Abstract

The kinetic model for the carbonate (inorganic carbon) system in three phases and the phosphate, short chain fatty améeand amm
mixed weak acid/base systems in single phase, based on modelling the kinetics of the forward and reverse dissociation processes
of the weak acid/base species, is extended to model the three-phase mixed weak acid/base chemical reactions in aneerobic digest
liquor aeration. The kinetic reactions for ion pairing, precipitation of struvite, newberyite, amorphous calcium phosgbate, cal

and magnesium carbonate and stripping of &t are added to the model. A preliminary validation of the model was done by

comparing model predictions with an equilibrium based struvite precipitation model; and equilibrium experimental results from

the literature on simultaneous precipitation of calcium and magnesium carbonate and phosphate minerals. To colleciai®@ta to vali

the non-steady state behaviour of the model, aeration batch tests were conducted on liquor from a spent wine upflow anaerobic

sludge bed (UASB) digester and a sewage sludge (SS) anaerobic digester. In the batch tests pH, Ca, M TRjafie@and

saline ammonia (FSA, lland HCO,* alkalinity (from which inorganic carbon.Gs calculated) with time were measured over

2410 56 h. To simulate the batch test results, solubility product and ion pairing constants were obtained from thetitetizéure

mineral precipitation and C@nd NH gas stripping rates calibrated by minimising the error between the predicted and measured

results. A very good correlation was obtained for all the measured parameters in six out of the seven batch testsafuir on SS

three on UASB anaerobic digester liquors (ADL).
From the model results the masses of the different calcium and magnesium carbonate and phosphate minerals that precipitated
and the CQand NH stripped via the gas phase could be calculated. Comparing the results from the two liquors it was found that:

« the minerals that precipitated were very similar in both, viz. in decreasing proportion of precipitate mass formed, struvite
(MgNH,PQ)) (82 to 89%), amorphous calcium phosphate (ACP) (5 to 15%), calcium carbonate)(@a6%), magnesium
carbonate (MgCQ (0 to 5%) and newberyite (MgHR)YX0.1 to 0.3%);

« the solubility product values for these minerals were the same in both liquors and within the range of literature values, but

« the specific precipitation rates were different;

« the rates of struvite and ACP precipitation were 9 and 2 times faster in the UASBDL than in the SSADL respectively;

+ in contrast, the rate of CaG@recipitation was 140 times faster in the SSADL than in the UASBDL;

» the rates of MgCQand MgHPQ precipitation were approximately the same in both liquors; and

» the stripping/dissolution rates of oxygen@arbon dioxide (C¢)and ammonia (Nkj increased with increased aeration rate
in the batch tests.

The kinetic modelling approach allows the determination of the specific precipitation rates for a number of minerals sisiyltaneo

in an integrated manner from a single batch test.

Introduction 1 In this paper, as in the earlier paper on the same subject
(Musvoto et al., 1997), the term “carbonate system” refers to

Musvoto et al. (1997) describe the development of an integrated the inorganic carbon system. The term “carbonate system

kinetic model to simulate the chemical-physical processes of the species” refers to all the species making up the total inorganic

carbonaté system in three phases (solid-aqueous-gas); and the carbon (denoted g, viz. HCO,* comprising dissolved CO

mixed watet, carbonate, phosphéatshort chain fatty acid (SCFA) and HCO,, bicarbonate HCQ and carbonate C@, and the

and ammonia weak acid/base systems in single (agueous) phaseterm “carbonate species” refers to the GGpecies only. The

The model was validated for the steady state (time independent) same nomenclature applies to the term “phosphate system”,

condition by comparing predicted equilibrium results with predic-  “phosphate system species”, denoted Rand “phosphate

tions from well established equilibrium chemistry based models in species”.

the literature, such as Stasoft | (Loewenthal et al., 1988) and Stasoft

Il (Friend and Loewenthal, 1992) for the three-phase carbonate In aqueous single or mixed weak acid/base systems, the water

system in pure water; and Loewenthal et al. (1989, 1991) for the always is present and acts as an additional weak acid/base

single aqueous phase behaviour of the Watarbonate, phos- system because of its dissociation taHd OH. It is included

phate, SCFA and ammonia mixed weak acid/base systems. here for completeness. In mixed weak acid/base systems, the

water system is one of several weak acid/base systems that

contribute to the total alkalinity and acidity mass parameters
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In this paper, the kinetic model is extended to describe thmnate, phosphate, ammonium and SCFA weak acid/base systems
three-phase mixed weak acid/base reactions that occur whesoutlined by Musvoto etal. (1997), with the same kinetic rates and
anaerobic digester liquors (ADL) are aerated. The resultant kinetitoichiometry as set out in their Tables 1, 2a, 2b and 2c, compounds
model, comprising the wafercarbonate, phosphate, SCFA andLl to 15 and processes 1 to 6 and 9 to 18. The rates in Table 2c are
ammonia weak acid/base systems, ion pairing, chemicgiven as/s. In this paper the basic time unitis /d; the rates have the
precipitation and gas stripping is validated by comparing predictiossime numerical value but the units are /d instead of /s.
with:

lon pairing effects
* equilibrium concentrations from:
- an equilibrium based struvite precipitation algorithmThe most common ion pairs formed in solutions containing cal-
(Loewenthal et al., 1994) coded into a computer procium and magnesium in the presence of the carbonate, phosphate
gramme called Struvite 3.1 by Loewenthal and Morrisoand ammonia weak acid/base system species are listed in Table 1a

(1997) and together with their stability constants. To include ion pairing in the
- experimental data available in the literature (Ferguson amihetic model, it was noted that the equilibrium equations for ion
McCarty, 1971); and pair formation are similar to those representing the dissociation
» kinetic and equilibrium data obtained from aeration batch tesegjuilibria of weak acid/bases. Accordingly, the ion pairing equilibria
on anaerobic digester liquors (ADL) from: were described in terms of the kinetics of the forward and reverse
- aspentwine upflow anaerobic sludge bed (UASB) digesteeactions and included in the model in the same manner as outlined
and by Musvoto et al. (1997) for weak acid/bases. Including the 11
- asewage sludge anaerobic digester. identified ion pair compounds extends the model matrix by 12

compounds from 16 to 27, i.e. magnesium (compound 16) and the
Aeration, deliberate or inadvertent, strips Cit®bm the ADL 11 ion pair compounds (17 to 27), and the number of processes by
resulting in an increase in pH; at higher pH various calcium arR from 20 to 41, i.e. one forward and one reverse dissociation
magnesium phosphates (and possibly carbonates) precipitate aretess for each ion pair. The ion pair section of the matrix, which
NH, stripping occurs. Loss of CGhus can be problematic, with is added to the existing model matrix given in Table 1 of Musvoto
magnesium phosphate precipitants such as struvite causing pipel. (1997), is shown in Table 1b. It should be noted that not all
blockages (e.g. Borgerding, 1972; Mohajit et al., 1989; Mamais #te compounds and processes associated with the ion pairs identi-
al., 1994: Williams, 1999). However, this process has been efied for inclusion in the model (Table 1a) are shown in Table 1b,
ploited as a treatment method for removal of the high concentr@nly the first and last two of the 11 ion pairs in Table 1a and one
tions of N and/or P commonly found in ADL, particularly in thosegeneric ion pair are given for illustrative purposes. Also, some of
from digestion of waste sludge from biological phosphorus réhe columns representing the compounds are duplicated from
moval activated sludge systems (Pitman et al., 1989; Pitman, 199@ple 1 in Musvoto et al. (1997), i.e. columns 5, 8, 11, 12 and 15
Battistoni et al., 1997; Woods et al., 1999; Stratful et al., 1999%or CO.>, OH, HPO?, PQ* and C& respectively, because these
A model that can conveniently handle three-phase mixed weakmpounds also appear in the ion pairing processes. The ion
acid/base chemistry will be helpful to optimise the
aeration treatment method for ADL and to develap
and evaluate alternative treatment methods. Furth
such a model will find potential application in g
variety of other chemical treatment systems.

er TABLE la
Common ion pairs formed in solutions containing calcium and
magnesium with carbonate, phosphate and ammonia weak
acid/bases present and their stability constants (pK o) at25°C
(activity scale). Those from Ferguson and McCarty (1971) in

Model development ) .
column (a) were included in the model.

The three-phase processes (solid-aqueous-gas) fhat i ] —

occur during aeration of ADL are the forward and No lon pair reaction - Ca and Mg Stability c%nstants pK
reverse dissociation processes of the weak acid/base - Dourees

species, precipitation of various magnesium and cal- a d e
cium phosphates and carbonates, and stripping| of

CO, and NH. Also, ion pairing effects need to bg 5 Ca' + OH S CaOH 1.37 -1.15 1.22
included because these become significant at TD$ >5, ca"+ COZ 5 CaCQ(aq) 3.2 3.21
1 000 mgf (ionic strengthy. > 0.025) (Loewenthal et | 5,4 ca*+ HC3O' S caHCQ! 1.26 271
al., 1986), and the values for the ADL in the batch| ¢ Ca + PO% 5 CaPQ -6.46 6.5
experiments were measured to be around 0.08 to 0,18, Cca* +H P402- S CaHPQ(aq) 273 2.7
(TDS=3200to 7 200 mggConductivity 470to 1 071 30 C&* +H POA' S CaHPO/ 141 1.4

mS/m). Also, in a pre-liminary evaluation of the 32 Mg + 6H4’:. MgOH" 4 oo Py 256
model, mode_l prgdictions were gqmpared with litera- 34 Mg + CO» 5 MgCO,(aq) -3.4 -2.98
ture data which included ion pairing. 36 MgZ: " Hcosz' ‘.__._ MgHCO," 1.16 -4.90
Agueous phase mixed weak acid/base 23 mg; : Egg‘.__’_'MgchfQ‘(aq) _32%, 23

chemistry * 4 '

a) Ferguson and McCarty (1971) from (b) Sillen and Martell (1964) and
va c) Chughtai et al. (1968); (d) Stumm and Morgan (1981);
ar-(e) Nordstrom et al. (1990).

The aqueous phase weak acid/base chemistry
modelled by including the kinetics for the forward
and reverse dissociation reactions of the water, ¢
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pairing process rates are defined on the right hand side of Table 1b. The promedswere not changed in the simulations. The
rate constants were determined in the same manner followed for the weak acidAx@ses incorporated in the model are from the
dissociation constants (Musvoto et al., 1997), i.e. the rate for the forward ion figérature and are listed in Table 1a; the calculation
reaction was selected at a very high valug/¢ldable 1c) and the rate for the procedures to adjustthese values for Debye-Huickel
reverse ion pair reaction was then calculated from the appropriate ion pair stahitibyc strength effects using mono-, di- and tri-
constant (Table 1c); this procedure ensures rapid equilibrium and that the equilibnatent activity coefficients (f, are given in Table
species concentrations correspond to those determined by equilibrium chemidiry. The ion pair stability constants could not be
The ion pair stability constants (pKTable 1c) were regarded as model constantdjusted for temperature, as no information is

TABLE 1b

Matrix representation of the ion pairing reactions of the most common Ca

2+ and Mg ?* ion pairs in solutions containing carbonate

lon pair stability constants and equilibrium equations are given in Tables 1a and 1c respectively.

and phosphate species.
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available in the literature on this.
Mineral precipitation

Liquors from anaerobic digesters contain Mg, Ca,
free and saline ammonia (FSA), and phosphate and
carbonate system species, and under the conditions
prevailing when ADL is aerated, the solids most
likely to precipitate are various magnesium and
calcium carbonates and phosphates, as set out in
Table 2. Domains for precipitation of the various
forms of these minerals have been delineated in the
literature, and are reviewed briefly below to iden-
tify the precipitation processesto be included in the
model (for a detailed review, see Musvoto et al.,
1998).

Magnesium phosphates

Fromthe literature, four possible magnesium phos-
phate species can crystallise from solutions con-
taining Mg, ammonia and phosphate system spe-
cies (Table 2): Magnesium ammonium phosphate
or struvite (MgNHPQO,-6H,0), magnesium hy-
drogen phosphate trihydrate or newberyite
(MgHPQ,-3H,0) and trimagnesium phosphate
in two states of hydration, M@PO,),-8H,0
(bobierrite) and MgPQ,),-22H0O. Studies have
identified the regions for precipitation of these
minerals (e.g. Abbona et al., 1982, 1986, 1988):
Struvite precipitates at neutral and higher pH and
at Mg/Ca molar ratios > 0.6; newberyite precipi-
tates significantly only at lower pH (< 6.0) and at
high concentrations of Mg and;Rrimagnesium
phosphate, which is reported to have a low precipi-
tation rate (Mamais et al., 1994), has never been
observed in the pH range expected for aeration of
ADL (6 < pH <9). Accordingly, precipitation of
struvite and newberyite were included in the model
as processes 42 and 43 respectively (Table 3) using
the general kinetic rate formulation of Koutsoukos
etal. (1980), see Musvoto etal. (1997) Eq. (6), with
the order of reaction n = 3 for struvite (Gunn, 1976)
and the default n = 2 for newberyite. This formu-
lation applies only to precipitation and not to
dissolution; in the model the equation is valid only
if the ionic product is greater than the solubility
product - this condition must be checked (Musvoto
et al., 1997)This restriction applies to all preci-
pitation processes.

Calcium phosphates

Five calcium phosphate crystalline species can
precipitate from solutions containing Ca and P;
in order of decreasing solubility these are (Table
2): Hydroxyapatite [HAP, C#&PO,),OH],
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TABLE 1c
Specific rate constants 2 for ion pair reactions in Tables 1a and 1b. See Loewenthal et al. (1989) for
calculation of activity coefficients (f ) for the different ionic species. The stability constants pK o values
at infinite dilution are given in Table 1a.

No Process Specific rate constants

lon pair association lon pair dissociation Stability constant pK o

reaction reaction
Symbol | Value Symbol [Value ISymbol Value

20..21| C& + OH SCaOH K a K™ K caons K \a 107 (/d) K coone | 10OPRCRORE L UE
22.23| C& +CQ7 sCaCcQ K ta K 2K cacos K o 107 (/d) K cocos | 1OPKCRCOIff,
24.37| A*+B" SAB*Y K ot K Ko K o 10 (/d) K'gr 10”KST-fA(X+)-fB(Y_)/f ABXHY-)
38.39 | Mg*+ HPQ* SMgHPQ? K'frng4 K'rmg;K' MgHPO4 K s 107 (/d) K'MgHF,04 1QPKMaHPOALS £
40.41| Mg+ PQ?* SMgPO; K'fmgs K rmg;K' MgPO- K s 10 (/d) K’MgPO4- 10PKMePORf /T

®The specific rate constants for ion pairs CgCOaHCQ" and CaP® are 1/d, which means in effect these ions pairs do not
form. The effect of ion pairing rates on precipitate formation and rates is complex and will be the subject of a subsequent pap

tri-calcium phosphate (whitlockite) [TCP, £RO,),], octacalcium  suppress precipitation of HAP, but promote and stabilise the
phosphate [OCP, G&PQO),(PO,),-5H,0], monenite (DCP, formation of ACP. Furthermore, in such wastewaters the transfor-
CaHPQ) and dicalcium phosphate dihydrate (brushite) (DCPDmation of ACP to HAP will be retarded so that within the timescale
CaHPQ:2H,0). Thermodynamically HAP is the most stableof ADL aeration systems (~60 h), significant HAP is unlikely. For
phase and could be expected to precipitate. However, it has béegse reasons, ACP was included in the model as the calcium
established that a number of species act as precursors to phesphate mineral most likely to precipitate under the conditions
precipitation of HAP, such as amorphous calcium phosphapeesent on aeration of ADL, as process 44 (Table 3). The general
(ACP, with approximate formulation ¢R0,),-xH,0, similar to  kinetic rate formulation of Koutsoukos et al. (1980) given by Eq.
TCP, but with no structured crystalline order, Blumenthal et al(6) in Musvoto et al. (1997) was followed for ACP precipitation,
1977; Betts et al., 1981), OCP and DCPD. With time these specieith the default order of reaction n = 2.

may transform to HAP. The precursor species which first precipitate

and their transformation are significantly affected by the interactio@alcium carbonates

between pH, Ca and Mg concentrations in the wastewater, as WHilree crystalline structure varieties of CaCgan precipitate,

as the alkalinity and organic material present. From experimentamely calcite, aragonite and vaterite (Table 2). The species that
investigations of these processes, it can be concluded that in higpigcipitate have been shown to depend on the temperature, degree
supersaturated solutions containing Ca, Mg and P, DCPD and AGPsupersaturation, presence of foreign ions as well as the nuclea-
are the phases that precipitate first, with DCDP precipitating at lotion and crystal growth rates. From the literature, calcite is the
pH (<7.0) and ACP at higher pH (Abbona et al., 1986, 1988hermodynamically stable form at ambient temperature and atmos-
Precipitation follows Oswald’s rule of stages (when a number gheric pressure (Roques and Girou, 1974), and will precipitate
similar solids are highly supersaturated, the least stable solid wilhder the conditions present on aeration of ADL. Accordingly,
precipitate) with the initially formed metastable precursor specigsecipitation of the CaCQOmineral calcite was retained in the
ACP and DCPD converting with time to the more thermomodel, i.e. process 19 from Table 1 in Musvoto et al. (1997). The
dynamically stable species of DCP, HAP or TCP. The conversioate of precipitation of CaC{s heavily influenced by the presence
from the initial to final species takes place via a solution mediated Mg, Fe, phosphate system species as well as dissolved organics,
species transition with the initial species dissolving first and th&hich decrease the rate and increase the solubility. These factors
new species growing. Whereas the formation of the first speciesiere recognised in the determination of the Ca@@cipitation

a relatively fast process, the growth of the second species is veaje, see Model Validation below.

slow such that the conversion takes a long time (from a minimum

of one month to a number of years). The presence of Mg in soluti@ther minerals

strongly affects the conversion process (Arvin, 1983). Conversi@ther minerals which may precipitate in ADL are magnesium
of ACP to the thermodynamically stable species HAP does not takarbonates and calcium magnesium carbonates. Two forms of
place in solutions with high Mg/Ca molar ratios > 4.0. Other factorsagnesium carbonates are possible (Table 2), magnesite (YgCO
such as high pH, high ionic strength, high HGRID,* molar ratio, and nesquehonite (MgG@H,0). Of the two, MgCQis stable
presence of pyrophosphates as well as certain proteins, and lackeibw pH~10.7 and MgCQ3H,0 is not; accordingly, MgCQ

HAP seed material also stabilise ACP. Therefore, ACP can peecipitation was included in the model as process 45 (see Table 3),
expected to precipitate in wastewaters such as sewage effluenting the Koutsoukos et al. (1980) kinetic rate formulation given by
ADL and sludge dewatering liquors which have characteristics thEg. (6) in Musvoto et al. (1997), with the default order of reaction
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TABLE 2

Minerals that could possibly precipitate on aeration of ADL; values of solubility products at 25°C and infinite dilution obtain
in the literature. The five compounds marked with an * were included in the kinetic model.

ed from databases

Solubility equilibria

pKg, at 25°C

Mineral

Reaction

Stumm and
Morgan (1981)

Nordstrom J
etal. (1990)

ESS (Murray
and May, 1996)

Other sources

*Calcite/Aragonite/Vaterite
*Magnesite
Nesquehonite
Dolomite (disordered)
Dolomite (ordered)
Huntite

Calcium hydroxide
Brucite

HAP

TCP

ocCP

DCP

DCPD

*ACP

*Struvite

*Newberyite
Bobierrite

Trimagnesium phosphate

CaCOsCa + CO>

MgCQ SMg* + CO*

MgC§BH,0 5Mg? + COZ + 3H,0

CaMg(C) SCe&* + Mg?* + 2CQ*

CaMg(CQ) SCa* + Mg* + 2CQ~

CaMg(CQ, SCa&* + Mg* + 4CQ?~

Ca(OHfs) SCa&* +20H

Mg(OH)(s) SMg** +20H
Cg,(PO),(OH),(s) 510C&" +6PQ* + 20H
Cg(PQ), 53Ca&" + 2PQ*

Cg(HPQ),(PQ,),.5H,0 58C&* +2HPQ?* +4PQ* +5H,0
CaHPQYs) 5Ca&* +HPQX
CaHPQ2H,0 5C& +HPQZ +2H,0
Ca(PO),.xH,0 53C&" + 2PQ* + xH,0
MgNH,PO,.6H,0(s) SMg* + NH," + PQ* + 6H,0
MgHPQ.3H,0(s) SMg?* +HPO? + 3H,0
Mg(PO,),.8H,0(s) 53Mg? + 2PQ* + 8H,0

MBO,),22H,0(s) 53Mg* + 2PQ* + 22HO

8.42;8.22

7.46; 8.2
5.19
16.7

5.2
11.16
114

6.6
6.6
31.45
12.6

8.48; 8.34

16.54

17.09

5.2
11.16

8.5;8.22
7.46; 8.2
4.67,5.19
16.5
16.98

57.5; 48.6
32.63; 32.7

6.6; 6.5
6.6

13.16
5.8
25.2

8;3%.8;6.7
5¢97.9

17
N/A

107
578

94.16;, 72.53

26.6 25.2, 24,25.46
12%12.72; 13.158, 13
5.5¢%;5.8
25.2
23.¥

Notes: 1. Temperature dependency of solubility products for some of the reactions has been given by Stumm and Morgan (1981)caneNard&r990).

2. Lettered references apply to the followifButler (1964)?Meyer and Eanes (1978) cited by Moutin et al. (1998pbona et al. (1982, Taylor et al. (1963) cited by Sc
etal. (1991):Mamais et al. (1994%erguson and McCarty (197 #offmann and Marais (1977) - value from Butler (1964) corrected for ionic strevdtbachers et al. (1980);

"Verbeeck and Devenyns (1992).
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TABLE 3

Matrix representation of the processes of precipitation and gas stripping included in the three-phase mixed weak acid/base kine
aqueous forward and reverse dissociation processes of weak acid/base species and the three-phase processes of the carbonate sys

tic model. The single phase

tem are given in Table 1 of

Musvoto et al. (1997) with the same numbering of the compounds.
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n = 2. Two mixed carbonates of Ca and Mg occur in nature,
dolomite [CaMg(CQ),] and huntite [CaMg(CQ,] (Table 2).
However, the conditions under which these precipitate are not well
understood, and attempts to precipitate dolomite under atmos-
pheric conditions have not been successful (Mamais et al., 1994).
Accordingly these minerals were not considered for inclusion in
the model. Also not included in the model are Ca(QOahd
Mg(OH), (Brucite) (Table 2). These minerals precipitate at high
pH (>10), so that at the relatively low pH of the batch tests (<9.5)
and in the presence of the other precipitating minerals incorporat-
ing Ca and Mg discussed above, the ionic products of the hydroxide
and Ca and Mg species at pH < 9.5 would not exceed the solubility
products of Mg(OH)and Ca(OH)

Solubility products

Solubility products in the literature for the five minerals identified
above as likely to precipitate on ADL aeration (calcite, struvite,
newberyite, ACP and magnesite) are listed in Table 2. These
solubility products are at 25°C and infinite dilution, i.e. for ideal
solutions unless otherwise indicated. To account for the effect of
ionic strength in non-ideal solutions, the solubility products were
adjusted following the Debye-Hiickel theory for low and medium
salinity waters (Loewenthal et al., 1989; Musvoto et al., 1998). The
solubility products could not be adjusted for temperature, since no
information in the literature is available on this. The solubility
products were regarded as model constants in that once the appro-
priate values were selected from the literature, they were not
changed except for the ionic strength adjustments above. The
values at 25°C and infinite dilution included in the model for the
five minerals are given in Table 7. Throughout the paper, the term
model constants applies to those constants that were not changed
in the model; the term calibration constants are the constants that
were changed to fit the model predicted results to the experimental
data.

Gas stripping
Gases expected to be stripped from ADL arg @@l NH. The
exchange of CObetween the liquid and gas phases has already
been included in the model as processes 7 and 8 (see Tables 1, 2b
and 2c of Musvoto et al., 1997). A similar approach was followed
for NH,, except that for NHit was assumed that the atmosphere
acts as an infinite sink; thus the dissolution of Nkdm the
atmosphere into solution was not included in the model, only NH
expulsion as given by process 46 in Table 3. In the rate expressions
for CO, and NH stripping and CQdissolution, the rate constants
(K coz K'ms @andK’ ., respectively) need to be determined
because these values are influenced by a number of factors, such as
turbulence, mixing, diffusivity and temperature. These rates there-
fore need to be calibrated for the specific situation being modelled,
in this case the aeration batch test conditions. Musvoto et al. (1997)
showed that the gas stripping rate is equal to the overall liquid phase
mass transfer rate coefficient K'viz. K ., =K' , .,andK’ .
=K', nue @nd that the dissolution rate of C@®' ) is related to
its stripping rate (K., through Henry’s law constant (i),
viz. K, = K’ oz RT'K' oo Hence, once the K'is known
(model constant) for the gas being stripped or dissolved, the only
unknown (calibration constant) is the Kcoefficient. Note that for
consistency in this discussion, as also in Musvoto etal. (1997), K’
and K’ (dashed) are used indicating that the associated gas
concentrations are defined in molar [ ], not activity ( ), terms.
However, because the gases considered are non-ionic, activity and
molar concentrations are equal, hencg XK, and K, = K ..

Munz and Roberts (1989) review the fundamental concepts of
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mass transfer across the gas-water interface. They concluded thyaproduct for struvite (no temperature correction) included in
provided the dimensionless Henry's law constanHi(K -RT)}  Struvite 3.1 are those given by Loewenthal et al. (1994) (see also
for the gas is greater than 0.55, then oxygen can be used dsoawenthal et al., 1989 or Musvoto et al., 1997 Table 2c). These
reference compound and the Kalue will be proportional to K were included also in the kinetic model as model constants (not
of oxygen (for details see Musvoto et al., 1998). Foy, €i0-0.95 changed). The initial total alkalinities (T Alk) were calculated by

at 20C but for NH, H = 0.011 at 2®C (Katehis et al., 1998). the Struvite 3.1 equilibrium model as 1 284 and 99@ axyCaCQ
Therefore in the model, the Kvalues for oxygen and GQ@re for Solutions 1 and 2 respectively, and are with respect to the most
proportional and only the former needs to be calibrated. Becays®tonated species of each of the weak acid/base systems, viz. the
H,<0.55 for NH, K’ _ ;IS not proportional to the reference gasH,CO;*/H PO/NH,"/HAc alkalinity. The initial HCO,*/H PO/
oxygen K\, ,,and the K/, ... has to be calibrated independently.NH,*/HAc alkalinity (T Alk) calculated by the kinetic model was

In the aeration batch tests, the dissolved oxygen (DO) concentiZ75 mgl as CaCQ(0.0255 mo¥) for Solution 1 and 981 mts
tion was not measured and the DO was not included in the mod&dCQ, (0.0196 mol) for Solution 2. Thus, Struvite 3.1 and the
as acompound. Therefore, even though K,is defined interms  kinetic model give virtually identical initial J£O,*/H ,PO/NH,*/

of K’ ,o» In effect only K, ., was determined by calibration HAc (total) alkalinity values for both solutions. This indicated that
againstmeasured data. The general approach to modellyjgg€O the initial conditions specified in both models were virtually
exchange via the reference gas oxygen was adopted so that ifidientical.

further extensions of the model, other gases are included with It should be noted that the modified Gran titration method for

H_ > 0.55, their K, rates would be proportional to that of oxygen.determining the total alkalinity of a mixed weak acid/base system
The K’ rates for CQand NH are calibration constants in the developed by Loewenthal et al. (1989) us¢B®f as reference

model. species for the phosphate system, viz. th@®§*/H PO, /NH '/
HAc alkalinity. Therefore, if the modified Gran titration method of
Preliminary model validation Loewenthal et al. (1989) is used to determine t{@0#/H PO,

INH,*/HAc alkalinity of a mixed weak acid/base solution, this
A preliminary calibration and validation of the model for thealkalinity needs to be recalculated in terms of tile®] reference
chemical processes of precipitation was carried out by compariagecies for the phosphate system before insertion into the Struvite
predictions with information available in the literature. Two3.1 model. This conversion is simple, because from Loewenthal et
literature information sets were used, both restricted to initial arad. (1989), HCO,*/H PO/NH,*/HAc alkalinity = H,CO,*/H PO,
final state equilibrium conditions: the equilibrium based model oNH,*/HAc alkalinity + P, all in molk; if the alkalinities are in
Loewenthal et al. (1994) for the precipitation of the single minerangt as CaCQand P in mgP! (as in Struvite 3.1), then 50/31-P
struvite; and the experiments of Ferguson and McCarty (1971) fisradded to the }€0,*/H PO,/NH,*/HAc alkalinity to give the
the precipitation of several Ca and Mg minerals from solutiond,CO,*/H PO/NH,*/HAc alkalinity, e.g. for Solution 1 the,80,*/
containing phosphate and carbonate system species. All kingti?O,/NH,"/HAc alkalinity would be 1284 - 400-50/31 = 645
model simulations were done with the computer programmmgk as CaCQand for Solution 2, the J&8O,*/H ,PO,/NH,"/HAc

Aquasim (Reichert, 1994). alkalinity would be 990 - 300-50/31 = 506 wag CaCQ

In Struvite 3.1, the ionic strength)( the mono-, di- and tri-
Loewenthal et al. (1994) equilibrium model for struvite valention activity coefficients (f f,, f), and hence the pK’ values
precipitation for non-ideal solutions, are determined from the input TDS, and the

firstiteration to calculate the equilibrium condition is based on this
Loewenthal et al. (1994) developed an equilibrium chemistripitial p. A revisedp is then calculated taking into account the
based model for struvite precipitation which was subsequentihange in ionic species due to precipitation of struvite. A revised
coded into a computer programme called Struvite 3.1 by Loewenttegjuilibrium condition is then determined from the revigezhd
and Morrison (1997). Equilibrium conditions predicted by thighis equilibrium condition is accepted as the final condition. In the
programme, for the two solutions discussed by Loewenthal et &lnetic model the ionic strength, mono-, di- and tri-valent ion
(1994) were compared with the predictions of the kinetic modelctivity coefficients (f, f,, f), and hence the pK’ values for non-
developed above, including processes 1 to 6, 9 to 14 and 17 toid&al solutions, are embedded within the equations for the kinetic
for the aqueous species of the ammonia, carbonate, phosphate@nstants of the model and therefore any change in ionic strength
water weak acid/base systems (Table 1 in Musvoto et al., 1997) ahek to precipitation is taken into account at each integration step in
process 42 for struvite precipitation (Table 3). lon-pairing effectn integrated and seamless way.
(processes 20to 41, Table 1a) were notincluded because the modelThe initial and final equilibrium conditions predicted by Struvite
of Loewenthal et al. (1994) does not consider these. The T3Sl and the kinetic model for the two solutions are listed in Table
concentrations of the two solutions, which are required as input4a. It can be seen for Solution 1, which does not contain carbonate
Struvite 3.1, were calculated from the ionic strength of the ammeystem species, the kinetic model predicts lower dissolved species
nium chloride, magnesium chloride and potassium phosphatencentrations (by about 0.0006 rplind a lower pH by 0.19
species making up the solutions and the TDS - ionic strepyjth (units. Also the concentration of struvite precipitated is almost 20%
relationship given by Loewenthal et al. (1989), ie= 2.5:1¢ more in the kinetic model. The difference in the species concentra-
(TDS-20); viz. u=0.0826 giving a TDS of 3 325 midiér Solution  tions and struvite precipitated between that predicted by the kinetic
1 and p = 0.0706 giving a TDS of 2 844 nddb6r Solution 2 (see model and by Struvite 3.1 is smaller for Solution 2, viz. 0.0002
Table 4a). The initial total species concentrations of the phosphatel/ lower and 7% more struvite precipitated with the kinetic
(P,), short chain fatty acid (A and ammonia (Y systems, the model. However, the pH difference is greater, viz. 0.23 pH units
magnesium concentration (Mg), the partial pressure g{@kich  lower in the kinetic model. In seeking the reason for these
fixes the total species concentration of the carbonate systgm, @ifferences, ionic speciation at the final conditions predicted by the
and pH for the two solutions are listed in Table 4a. The weak acigfo models was undertaken. It was found that for both solutions the
base pK values and their temperature sensitivities, and the solubtiuvite ionic product calculated from the final condition predicted
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TABLE 4a
Initial and final concentrations for the two struvite precipitation solutions given by Loewenthal et al.
(1994) comparing the kinetic model predictions with the Struvite 3.1 equilibrium struvite precipitation
model of Loewenthal and Morrison (1997). lon pairing not included in both models.

Parameter Solution 1 (T=20 °C, 'TDS=3325 mg/{) Solution 2 (T=20 °C, 'TDS=2844 mg/¢)
Initial Final Final Initial Final Final
conditions Struvite 3.1 kinetic model Conditions Struvite 3.1 kinetic model

mg/{ mol/ ¢ mg/{¢ mol/¢ mg/¢ mol/¢ mg/{ mol/ ¢ mg/{¢ mol/¢ mg/¢ mol/¢

T Alk |1284 | 0.0257| 734| 0.0147 620 0.0124 990 0.0198 554 0.0111 |507 0.0102
N, 300 | 0.0214| 249| 0.017§ 23§ 0.017p 250 0.0479 209 0.0149 |207 0.0148
P, 400 | 0.0129| 286| 0.0092 264 0.0085 3P0 0.0097 210 0.0068 [203 0.0066
Mg 200 | 0.0083| 111| 0.004¢ 96 0.0040 200 0.0083 129 0.0p54 |125 0.9052
pH 8.04 7.04 6.85 7.96 7.11 6.88

pCO, 0 0 0 0.00037 0.00037 0.00037

Struvite precipitated (mg) 503 601 - 399 426

1. Total dissolved solids (TDS) concentration was calculated from the ionic strength of the ammonium chloride, magnesium
chloride and potassium phosphate species making up the solution and the TDS - m relationship given by Lopwenthal
et al. (1989), i.eu = 2.5x1(TDS-20); for Solution 1,1 = 0.0826 and for Solution & = 0.0706.

2. Total alkalinity (T Alk) with respect to the,80,*/H PO/NH,*/HAc reference species as given by Struvite 3.1. In these
two solutions the total HAc concentration jAvas zero.

TABLE 4b
Speciation results of the Struvite 3.1 struvite precipitation equilibrium model final condition
(Table 4a) and the kinetic model (KinM) results using this final condition as initial condition.

Parameter Solution 1 Solution 2

Struvite 3.1 final Kinetic Model Struvite 3.1 final Kinetic Model

condition as KinM final condition cpndition as KinM final condition

initial condition initial condition

mg/¢ mmol/ ¢ mg/¢ mmol/ ¢ mg/¢ mmol/ ¢ mg/¢ mmol/ ¢
T Alk 734 0.0147 706 0.0141 554 0.0111 476 0.0095
N, 249 0.0178 242 0.0173 209 0.0149 203 0.0145
P, 285 0.0092 270 0.0087 210 0.006¢4 198 0.0064
Mg 110 0.0046 86 0.0041 129 0.0054 119 0.005p
pH 7.04 6.86 7.11 6.90
lonic product 8.71% 4.810% 8.4+10% 4510
Solublity product 5.11%F 4.8+10% 4.6°10% 45010
pCo, 0 0 0.00037 0.00037
Struvite precipitated 0 68 0 58

by Struvite 3.1 was somewhat greater than the solubility produodndition for the two solutions was given as initial conditions to the

(see Table 4b). This indicated that the Struvite 3.1 predicted findhetic model, taking due account of the ionic strength. The results
condition was not at equilibrium. For the kinetic model the struvitpredicted by the kinetic model, including the struvite ionic and

ionic product calculated from the final condition was equal to theolubility products, are given in Table 4b. For both solutions,

solubility product for both solutions indicating that an equilibriunprecipitation is predicted to continue with a further 68 and 58

condition had been correctly reached. To check whether or not timg/ struvite predicted to precipitate from Solution 1 and 2 respec-
Struvite 3.1 predicted final condition was at equilibrium, this finatively to reach equilibrium. The pH of this revised equilibrium
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condition is only 0.02 pH units from that predicted by the kinetiabove. The stability constants for the 11 ion pairs (not adjusted for
model from the initial conditions (Table 4a) and the ionic produdemperature) are those from Ferguson and McCarty and are given
is equal to the solubility product (Table 4b). in Table 1a under column a. These were also included in the model
From the comparison of the Struvite 3.1 equilibrium model ands model constants (not changed).
the kinetic model, it can be concluded that the kinetic model The initial ionic strengthi() was calculated from the ionic
identifies the equilibrium condition for a single precipitate accuratelgpecies making up the solutions and for Exps. 4 and 5 this was 0.057
and precisely, and that the differences between this condition aauad 0.067 respectively. The solubility product values given as
the equilibrium condition predicted by Struvite 3.1 lie in thanput to the model for the three minerals that were identified to
handling of ionic strength and in the algorithm for estimating thprecipitate were obtained from Ferguson and McCarty (CaG®
equilibrium pH in Struvite 3.1. The advantage of the Struvite 3.gCQO,) and Hoffmann and Marais (1977) (ACP) and are given in
programme is that it is very simple to use and gives an answer vdigble 5, i.e. for Exp. 4 (pH < 9) CaG6.8, MgCQ 6.7 and ACP
quickly (< 1 s), which although not exact, is attractive to practising5.46 and for Exp. 5 (pH > 9) Ca¢6.5, MgCQ 6.6 and ACP
engineers and scientists in the wastewater treatment field. 26.46. These values were not adjusted for temperature. The values
contrast, the kinetic model is more accurate but requires significgot the first two minerals are the activity product (pA) values
lead-in time to master confidently, particularly if the three-phasg@vhich include adjustment for ionic strength) at equilibrium meas-
mixed weak acid/base kinetic model as described in this paper haed by Ferguson and McCarty. The activity product values are
to be coded from scratch into a computer programme such eguivalent to the thermodynamic solubility product (Ferguson and

Aquasim (Reichert, 1994). McCarty, 1971) and accordingly were given as input to the model
as such; in the model these are appropriately adjusted for ionic
Experiments of Ferguson and McCarty (1971) strength to give the apparent solubility products which are in terms

of the molar concentrations used in the model. The measured

Ferguson and McCarty (1971) report data on precipitation of Gactivity product values were considered more suitable for simulat-
and Mg minerals from solutions containing carbonate and phasg the experiments than the 7.8 and 7.9 solubility product values
phate system species, and the kinetic model predictions wexnfinite dilution quoted for pure solutions of Cagadd MgCQ
compared with this data. The data of Ferguson and McCamgspectively by Ferguson and McCarty (1971) (see Table 2),
includes ion-pairing so this was included in the kinetic modddecause the solubility products for CaGdd MgCQ are influ-
(processes 20 to 41, Table 1b). Struvite precipitation (process @ced by the presence of Mg and Ca respectively, and the activity
in Table 3) was not included because the solutions did not contgiroducts were measured for the experiments being simulated and
NH," species. Precipitation of Newberyite (MgHP(@rocess 43 take these effects into account. The value for ACP is the activity
in Table 3) was also not included because it precipitates signifiroduct value from Hoffmann and Marais (1977) (see Table 2).
cantly only at low pH (<7), significantly lower than the pH rangeDuring the simulation, the ionic strength was continually calcu-
of the Ferguson and McCarty experiments, pH>8 - in the ADlated to take due consideration of changes in ionic concentrations
aeration batch tests described below (7 < pH < 9.5), MgHP@s a result of mineral precipitation. Hence, the dissociation, stabil-
precipitation was included and it formed less than 0.3% of thity and solubility constants/products were continually adjusted for
precipitate formed. Ferguson and McCarty accepted that thanic strength as the simulation proceeded to equilibrium. In order
calcium phosphate mineral formed in their experiments wae keep the pH constant at the initial values as reported by Ferguson
hydroxyapatite (HAP, GgPO,),(OH),, see Table 2). However, and McCarty, OHor H* dosing was included in the simulations.
inthe discussion above on calcium phosphate mineral precipitation, With regard to precipitation rate constants, Ferguson and
it is concluded that amorphous calcium phosphate (ACRcCarty did not report time dependent data, only the initial and
Ca,(PQ,),-xH,0) would be a more likely precipitant. Also, x-ray final (equilibrium) concentrations. Thus, only the final steady state
diffraction by Ferguson and McCarty indicate the presence ¢&quilibrium) results of the model could be evaluated, not the
tricalcium phosphate, which has the same formula as ACP. Theneineral precipitation rates. However, inthe experiments of Ferguson
fore the precipitation of ACP (process 44 in Table 3) rather thaand McCarty minerals precipitate which compete for the same
HAP was included in the model. Calcite (Caf@nd magnesite species, e.g. ACP and Cadath include Ca. In situations where
(MgCO,) also can be expected to precipitate in the Ferguson andmpeting minerals precipitate, it is possible that the final equilib-
McCarty experiments (process 19, Musvoto et al., 1997, Tableilm condition will be influenced by the relative rates of precipita-
and process 45 Table 3 respectively). Thus, processes includetion of the competing minerals. Thus, in simulating the data of
the model were 1 to 6, 9 to 15 and 17 to 18 (Musvoto et al., 199érguson and McCarty, although only the initial and final equilib-
- Table 1) for the forward and reverse weak acid/base dissociatiorism states are given, the rates of precipitation were varied to
processes 20 to 41 (Table 1b) for ion-pairing, and 19 (Musvoto etaluate the effect on the predicted final equilibrium state. From
al., 1997 - Table 1) and 44 and 45 (Table 3) for the precipitation tifese simulations it was found that for the selected experiments the
Calcite (CaCQ), ACP and Magnesite (MgCrespectively. final equilibrium state was relatively independent of the precipita-

Experiments 4 (Exp. 4) and 5 (Exp. 5) were selected froion rate constants, provided the precipitation rate constant for ACP
Ferguson and McCarty for simulation, because these two appeaveas much larger than those for Ca@@d MgCQ. Accordingly,
the most suitable for multi precipitate formation modelling and ththe precipitation rates used for the simulations of both experiments
most internally consistent of the six experiments reported. Theaere ACP 350/d, CaC®.05/d and MgCQ0.05/d. These rates
experiments were conducted att@9The pK values and their were determined by visually fitting simulated to experimental data.
temperature sensitivities for the water, carbonate, phosphate, am- The measured and predicted final species concentrations re-
monia and short chain fatty acid weak acid/base systems wenaining in solution for Exps. 4 and 5 are given in Table 5. Also
included in the model as model constants (not changed); valugisen in Table 5 for both experiments are the concentrations of Ca,
were those given by Loewenthal et al. (1989) (see also Loewentid, P, and G precipitated, as calculated from the difference
et al., 1994 or Musvoto et al., 1997) which are the same as thdmtween the kinetic model predicted initial and final concentra-
used in the comparison with the Struvite 3.1 model describeidns, and as given by Ferguson and McCarty from measurements
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Also, the kinetic model predicts

Table 5 correctly the expected precipi-
Initial and final concentrations for two Ferguson and McCarty (1971) mineral tation behaviour; from Table 5,
precipitation experiments (4 and 5) comparing the kinetic model predictions in both experiments 4 and 5
with experimental observation. With ion pairing. Temperature = 29 °C. about 0.93 mmal/ACP was
formed and, as expected, a
Parameter Experiment 4 Experiment 5 significantly larger CaC@and

MgCOQ, concentration precipi-
tated at high pH (Exp. 5) than at

Initial Final Final Initial Final Final

conditions Ferg & McC [kinetic model  fonditions Ferg & McC  kingtic model
low pH (Exp. 4). Taken overall
mmol/ ¢ mmol/ ¢ mmol/ ¢ mmol/ ¢ mmol/ ¢ mmol/ ¢ it appeared that the kinetic
model performed well with
n 0.057 - 0.043 0.067 - 0.053 multiple mineral precipitation
Ca, 5.0 1.85 1.39 5.0 0.5 0.65 and therefore was deemed
Mg, 2.0 1.65 1.72 2.0 1.2 0.68 sufficiently robust and stable
P, 2.0 0.33 0.16 2.0 0.13 0.33 to model the unsteady state
C, 30.0 25.0 28.88 30.0 29.0 26.8 behaviour of multiple mineral
Na, 40.0 - - 59.5 - - precipitation in aeration treat-
Cl, 14.0 - - 14.0 - - ment of ADL.
pH 8.11 8.11+0.2* 8.11 10.06 10.06+0.2f  10.06
Experimental
Concentrations precipitated (mrfjol investigation
Ca - 3.52 3.61 - 4.55 4.35 Having completed a prelimi-
Mg - 0.29 0.28 - 0.88 1.32 nary validation of the model for
P - 2.57 1.84 - 2.95 1.67 single and multiple mineral pre-
C, - 1.35 1.12 - 2.74 3.16 Cipitation with information in
the literature, the model was
Minerals precipitated as predicted by kinetic model (ménol/ applied to describe the time
dependent three-phase weak
ACP - - 0.92 - - 0.84 acid/base reactions that occur
CaCQ - - 0.84 - - 1.84 when ADL is aerated. No
MgCQ, - - 0.28 - 1.32 suitable data in the literature
were available on this, so an
Solubility product values (pK) experimental investigation was
undertaken to gather the appro-
ACP - - 25.46% - - 25.46%2 priate data. Aeration of ADL
CaCQ - 6.8% 6.8% - 6.5% 6.5% from a spent wine UASB
MgCO, - 6.7*3 6.7*3 - 6.6*3 6.6*3 digester (UASBDL) and an

anaerobic digester treating
*1 Ferguson and McCarty (1971) state that the final pH was within 0.2 pH units of initigl pidewage sludge (SSADWas

*2 From Hoffmann and Marais (1977) - see Table 2. investigated.
*3 Activity product values (which include correction for ionic strength) measured by Ferguson
and McCarty (1971). The kinetic model results are based on theseabies. Experimental procedure
for UASBDL

with x-ray diffraction. In comparing the kinetic model predicted-1duor from a UASB digester treating grape wine distillery waste
results with those measured by Ferguson and McCarty, a difficufy Stellenbosch Farmers” Winery (Wellington, South Africa) was
is the lack of consistency in the measured data. For the kinefellected directly into sealed pressurised containers. Care was
model predictions, the concentration of Ca, Mgai G precipi- taken that CQloss was minimised during collection, to limit
tated can be reconciled with the precipitated minerals (sin@€cipitation of mlnera!s before the start of experiments. The
these are calculated from the difference between initial and firg9ntainers were stored in the laboratory 4C2(Five litre samples
soluble concentrations). However, in the measured results tAthe liquor were placed in a batch reactor, again taking care to
concentrations of species precipitated are not equal to the differeffe@imise CQloss, and the liquor was aerated for at least 24 h. At
between the initial and final soluble concentrations, e.g. in botffquentintervals, 1004and 10 msamples were drawn from the
experiments the measured precipitateddcentrations (2.57 and batch reactor for analysis. Th_e pH in the reactor was recorded
2.95 mmoll respectively) are both greater than the differenciegularly throughout the experiment and the temperature control-
between the measured initial and finatBncentrations (1.67 and led to 20 C. . _

1.87 mgRYrespectively). The inconsistencies in the experimental Immediately after sampling, the 10t sample was directly
results make a very close correlation between predicted affi@lysed for FSA without prior filtration. Experience had shown
experimental results unrealistic. Taking the above into accoufft significant loss of ammonia occurred during filtration at high
from Table 5 the predicted and measured final concentrations apid- The 100 msample was immediately vacuum filtered through
concentrations of species precipitated match reasonably Cbsé}y{lﬁlm filters and the filtrate was divided into two. To one filtrate
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sample, a few drops{.5 ) of concentrated nitric acid (HNP  three days during which time sludge settlement took place. Five
were added to reduce the pH to below 2 and so prevent furthigres of liquor was then carefully withdrawn from one container
precipitation. The acidified filtered sample was analysed for th@nce more taking care to minimise loss of L&nd placed in a
following: batch reactor. Preliminary analysis of the liquor gave soluble
(< 0.45um) concentrations of Ca = 50 to 60 #dAg = 20 to 30
+ Ca, Mg and Fe: By emission spectroscopy using the indusigk and P = 15 to 30 mgR/ These concentrations were too low
tively coupled plasma (ICP) metho&téndards Methods to be representative of those in typical BEPR waste activated
1985). The Fe concentration was found to be very lowludge ADL and sowere increased by adding 500 mg of Ca, Mg and
(<1 mg¥) and its analysis was thus discontinued after the fir®? (as Ca, Mg and P from Cag@H,0, MgCl,-6H,0 and KHPQO,
few batch tests. In hindsight this was an error because it waspectively) to the &atch volume (i.e. 100 midiatch volume of
later learned that the CaGfrecipitation rate is very sensitive each).[There were no anaerobic digesters in the Western Cape

to even low concentrations of Fe. region treating BEPR waste activated sludge from which SSADL
+ Phosphate system species)(MMolybdate/vanadate colour with high concentrations of Mg and Rould be obtained].
reaction and/or ICP metho&tandard Methods1985). Immediately after dosing, the liquor was aerated for at least 24 h,

but usually up to 56 h to enable the kinetics of ammonia stripping
The second filtered sample was not acidified and was analysed fiarbe observed. Aeration was by means of compressed air passed
+ Carbonate system species)X his parameter was calculatedthrough a diffuser stone at the bottom of the batch reactor. At
after directly measuring the 80, alkalinity and pH with the  frequent intervals, 1004and 10 misamples were drawn from the
5-point pH titration method of Moosbrugger et al. (1992)patch reactor for Ca, Mg, FC., A, and N analysis with the same
which is based on the mixed weak acid/base characterisatimethods as outlined above for the UASBDL. The pH in the reactor
method of Loewenthal et al. (1989) and takes due account of tvas recorded frequently throughout the batch test and the tempera-
presence of ammonia (N phosphate (f and short-chain ture controlled to 20°C.
fatty acid (A) weak acid/base system speci¢ssjs of CQ Table 6 shows the initial and final values of some of the
during vacuum filtration does not significantly affectth€8,* ~ parameters measured for the three batch tests on UASBDL (Batch
alkalinity. Determination of the J€O,* alkalinity requires  tests 16, 17 and 18) and the four batch tests on the SSADL (Batch
knowing the carbonic acid (g0.*) equivalence point pH. tests 11, 12, 13 and 14). Detailed results are given in Musvoto et
While by definition the }CO.* alkalinity is independent of al. (1998).
CQ, loss or gain, loss or gain of GQoes influence the BO.*
equivalence point pH, which increases slightly with loss gf Cvodel preparation
(or C, decrease). However, the difference iCB,* equiva-
lence point pH does not significantly affectth€8,* alkalin- ~ The model was given as input the eight dissociation constants (pK)
ity because the J&O,* equivalence point is in an area of low and their temperature sensitivities for the 16 forward and reverse
buffer capacity for the carbonate system. Moreover, the mixelissociation processes for the water, carbonate, phosphate, SCFA
weak acid/base characterisation method of Loewenthal et &nd ammoniaweak acid/base systems (Tables 2a and 2¢ in Musvoto
(1989) does not require thg€10,* equivalence point pHto be etal., 1997) and the 11 stability constants(pfor the 22 forward
known to determine the 80O,* alkalinity. The 5 pH point and reverse dissociation processes for the ion pairs (Tables 1a and
titration method of Moosbrugger et al. (1992) was developetlc above). Also given as input were the solubility product JpK
not so much to obviate the use of expensive instrumentation f@lues from the literature for the five minerals identified to precipi-
analysing inorganic carbon (§and short chain fatty acids tate (see Table 7). These pK,fpkind pKvalues were accepted
(A,), butto have a measurement method fah@tis insensitive to be model constants (not changed). With the measured initial

to CQ, loss.] conductivity, also given as input and converted internally in the
+ Shortchain fatty acids (SCFA,A5-point pH titration method model to an ionic strength value with the formulae given by
of Moosbrugger et al. (1992). Loewenthal etal. (1989) (see Table 4a), the input pK, akd pK
values were internally corrected for ionic strength with the appro-
Experimental procedure for SSADL priate mono-, di- and tri-valent ion activity coefficients, as indi-

cated in the above mentioned tables. The input pK values were also
Anaerobically digested sludge liquor was obtained from the anaefoternally adjusted for temperature; thepiind pKvalues could
bic digesters at Cape Flats Wastewater Treatment Plant (WWTHt be adjusted as information on temperature sensitivities for these
(Cape Town, South Africa). These digesters (with retention tirie not available in the literature. The initial measured total species
of 10to 12 d) treat a blend of primary and secondary waste activagahcentrations (CP,, N, Ca and Mg) and pH were also given as
sludge (WAS) from a 5 stage modified Bardenpho biologicéahput to the model for the batch tests.
nutrient (nitrogen and phosphorus) removal activated sludge sys-
tem, treating 150 KAd of wastewater, primarily of domestic origin. Model calibration - Determination of mineral
Although originally designed for biological excess P removaprecipitation and gas stripping rates
(BEPR), little BEPR took place at the time of testing with the result
that the ADL did not contain the elevated P and Mg concentratiofrrection for ionic strength in the model is dynamic so that any
characteristic of ADL from BEPR plants. The anaerobicallghanges in ionic strength due to precipitation of minerals as the
digested sludge was collected directly from the digesters througimulation continues, automatically readjusts the pK’, pihd
a sampling port into gas tight collection containers (with a volumeK’ , values. By changing only the precipitation rate constants
of 20¢) which were immediately sealed. During sample collectiofK’ pp) for the five minerals and the specific gas stripping rate
care was taken that a minimum of G&zas lost which would lead constants (K) for CO, and NH (the calibration constants), these
to precipitation of minerals before the start of the batch tests. Theven rate constants were determined by trial and error fitting of
sealed containers were stored in the laboratory°@ 2 about theoretical model predictions to the experimental data. The results
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= e RS IR lower limits that give the best correlation between experi tal
= o g perimental
g § ;.g and theoretical results. To check the “visually” determined precipi-
o T R4 Rogo R tation and gas stripping rate constants, these seven rate constants
@ ] NO g <9 N were searched for simultaneously with the parameter estimation
2 B .- facility for each of the four batch tests on SSADL and the three
© ~ c o Yy
~m . ; I ©ooo~$ Si batch tests on UASBDL. The lower and upper limits specified for
9 al & oSN G the seven rate constants were zero and double the visually deter-
n < ) 0 o © y
%3 2 f‘; = mined values respectively (all parameter estimation values fell
5 O 2| o | £ within this range). The rate constants and results from the param-
c N~ o a @ 9 p
; o s S o g eter estimation simulations are given in Table 7. Also given in
S E . N®AN S N . Table 7 are the concentrations of each mineral precipitated and the
=~ 3> £ - | 2 mass % these represent in the total concentration of minerals
o © w o c p
5‘ = g g o & oo 8 Si g precipitated. Table 8 gives a summary ofitlitéal concentrations
<5 S|y BT~ f Ca, Mg and Pin the batch test llas oth ters cited
0 S c s ) < | 8 of Ca, Mg and Pin the batch tests as well as other parameters cite
an S| 2 w3 in the literature which affect the precipitation of the various
Sie) 4 © O oD Q o minerals in wastewaters of this type. It should be noted that these
Zo© . VFO8V%w | E initial concentrations anfl ratios change rapidly as the pH in-
g9 L= ~ ) ge rapidly p
5 0 £ a creases QU'e_ to C@xpulsion. Th_eref_ore, while, for example,
g g = § = @ % CaCq is initially undersaturated, it quickly becomes supersatu-
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oz 8 § _ » @ ~ § ,8 S <Dn: rated and precipitates as the test progresses.
2 }é 2 5 % @© o | = As examples, Figs. 1 to 4 show the measured and predicted
802 s\~ o g results from the parameter estimate simulations for batch tests 16
o .. | =
g 29 . 2Ysn8e| 8|5 and 18 on the UASBDL and batch test 11 and 12 on SSADL
o S % § I~ g SRR BN - respectively. It can be seen that a good correlation is obtained
4 c © 2 < | T <D( between experimental and theoretical model predictions for both
E',é o @ E . E o9 NO e n liquors. Moreover, visually there is very little discernable differ-
3L 3|2 5|8 - NSRBI 22 ence between Figs. 1 to 4 and the figures (not shown) of the results
28T | 2 §|= @ from the visually determined precipitation and gas stripping rates.
i g = CHhCow0® | & = A comparison of the predicted results from the visual calibration
Py i Nk g o352 '; w5 g and parameter estimate simulations can be made from Table 7.
n S = — | £ N =
LW = I i | 2 . .
=35 ki — V| £ u iscussi
© © = Results and discussion
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IR S|l Ngd~O° o
2 % S|E AN~ N § The following conclusions can be drawn from a comparison of the
'g @ = £ simulation results for the two liquors (Tables 7 and 8):
= Q9 . — O qo > [Te] o)
L n = Moo = | S
Sg 4 g Boloao | 8|3 Solids most likely to precipitate
5 o | e
87T 2 N c
5 & S§|lg mwotoy % The same solids, viz. struvite, ACP, newberyite, Ca@au
n S g2 993-Fs = MgCO,, were identified from the literature as most likely to
53 o] precipitate in both SSADL and UASBDL and on this basis were
® g 5 included in the model. With these precipitants, the consistency
% o & E ‘_c; between predicted and measured soluble species concentrations
e § O 2| & (Figs. 1to 4) indicates that no precipitants of importance have been
3 3 2 S| o omitted from the model. From the simulations, in both liquors
Tcu 2 %§ _§ 2| 2 struvite formed the bulk (80 to 89%) of the total mass of precipitate
= % gvg,\ = ie g formed, followed by ACP (3.5 to 14.8%) (Table 7). MgG@s
-c% > 9_% 2 E?° 5| = predicted to precipitate in the UASBDL, but not in the SSADL.
=3 g EQ .gzm'g 5| < This is because the pH for the UASBDL increased to about 9.5
2 S £ S 5 3 :{ 2 © ‘3 which is significantly higher than that for the SSADL, where the
=2 8 8 g v g Il A 1.? incre_a_se was 'FE a_bo_ut 8.9; the hig_hﬁrthl_ stimulate(:] MgCO
precipitation. This is in agreement with the literature where it is

noted that at higher pH, MgG@ likely to precipitate, but not at
lower pH; from the simulations, at the lower pH the concentration
of CO,> species is too low for the solution to be supersaturated with
respect to MgCQafter most of the struvite has precipitated. Inthe
UASBDL, MgCO, comprised 3.3 to 4.5% of the total mass of
precipitate formed (Table 7). Conversely, Ca@@s predicted to
precipitate in SSADL, but not significantly in UASBDL. This
difference in precipitation behaviour between SSADL and UASBDL
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TABLE 7

Model input values for the solubility products of the five minerals identified to precipitate in the seven aeration batch tests

on the SSADL and

UASBDL and model simulation results giving the mineral precipitation and gas stripping rate constants determined by trial and e rror visual
correlation and Aquasim parameter estimation.
Test Visual estimation results Aquasim Parameter estimation results
Strvite |Nwbite | ACP  |CaCO , |MgCO, o, Co, NH, | Strvie |Nwbite | ACP  |[CaCO , | MgCO, o, co, NH,
pK, 13.16 5.8 26.0 6.45 7.00 Ko | Klacos " | 1316 5.8 26.0 6.45 7.00 ' noz ' lacon ’ ans
Refs*! 1) 1) (2 3) 4 - - @ @ 2 3 “ - -

BT 11 Rate® 300 0.05 150 50 50 300 273 1.1 177 0.0 241 14 18 286 260 11
SSADL Conc*® 1236 3.8 140 58 0 - 580 239 1209 1.3 154 5] <0/1 - 580 241
pn=0.16 % 88 0.3 10 4.1 0 - - - 85 0.1 11 3.6 0 - - -
54h

BT 12 Rate*® 300 0.05 150 50 50 225 204 1.2 293 0.0 168 44 57 225 205 12
SSADL Conc*® 1140 2.8 170 46 0 - 545 226 112§ 4.0 175 70 <0/1 - 545 228
pn=0.17 % 84 0.2 125 3.4 0 - - - 82 0.3 13 5.1 0 - - -
54h

BT 13 Rate*® 300 0.05 150 2 50 550 500 1.05 357 0.01 249 0.6 15 510 464 1.3%
SSADL Conc*® 1250 2.8 160 43 0 - 618 330 1237 1.0 198 23 <0/1 - 619 334
pn=0.18 % 85 0.2 11.0 3.0 0 - - - 85 0.1 14 1.6 0 - - -
54h

BT 14 Rate® 300 0.05 150 50 50 600 545 0.9 267 0.07 165 68 68 588 538 1.0
SSADL Conc*® 1270 2.6 50 98 0 - 596 292 1247 3.7 66 91 0.95 - 596 292
pn=0.16 % 89 0.2 3.5 0 - - - 89 0.3 4.7 6.5 0 - - -
54h

BT 16 Rate?® 3000 0.05 350 0.5 50 670 610 1.92 2406 0 38B 0.8 30 619 563 1.p8
UASBDL Conc*® 677 2.1 9% <0.1 30 - 389 49 675 0 91 0.5 31 - 389 49
n=0.08 % 84 0.3 114 0 3.8 - - - 85 0 11 0.1 3.9 - - -
24h

BT 17 Rate*® 3000 0.05 350 0.5 50 400 365 2.5 230 0 371 0.8 39 433 412 215
UASBDL Conc® 532 1.2 98 <0.1 30 - 389 49 530 0 98 0.5 31 - 389 49
n=0.08 % 80 0.2 14.8 0 4.5 - - - 80 0 15 0.1 4.7) - - -
24h

BT 18 Rate® 3000 0.05 350 0.5 50 670 610 1.92 1815 0 38p 0.8 48 581 5p9 2|2
UASBDL Conc*® 528 0 92 <0.1 21 - 389 49 504 0 93 0.4 29 - 389 49
n=0.08 % 82 0 14.4 0 3.3 - - - 80 0 15 0.1 4.6 - - -
24h

*1 References for pg values: (1) Struvite and Newberyite - JESS - Murray and May (1996); (2) ACP - Butler (1964); (3)-0d@@ll and Jorden (1975); (4) MgG@ Not from any specific
reference - selected 7.00 from the range reported by Mamais et al. (1994) - see Table 2.
*2  Rates in per day.

*3  Mineral precipitant concentrations in igZQ, in mgC2 and N

*4  Correct as given here - interchanged in Musvoto et al. (2000).
*5  Correct as given here - incorrectly reported as 9.1 and 2.1 in Musvoto et al. (2000).

in mgN£.




TABLE 8
Summary of some of the concentrations and parameters at the start of the batch tests (initial, i) that affect
the precipitation of minerals for batch tests on SSADL and UASBDL

Batch ADL Mg, Ca, P, Mg, Ca P, Mg/Ca| Mg/P | Ca/P By By By/Bs | Beacosi
test No. Type g/m 3| g/m3®| gP/m3 mol/¢ mol/¢ mol/¢ | molar | molar | molar
11 SSADL | 125| 113 190 0.005p 0.0028 0.0061 186 0.85 Q46 4.4 6.1 1[0.72 D0.08
12 SSADL | 116| 129 152 0.0048 0.003 0.0049 15 0.98 0.65 4.7 9.0 0.52 0.12
13 SSADL | 128| 133 200 0.0058 0.0033 0.0065 161 0.82 (@51 6.3 16.3 |0.39 [0.14
14 SSADL | 128| 83.9 177 0.0058 0.0021 0.0057 2.52 93 037 b5 (2.0 |0.46 [0.09
16 | UASBDL| 81.8| 54.8 128 0.00034 0.0014 0.0041 2.43 83 034 P4 0.9 2.7 0.05
17 | UASBDL| 67.6] 58.4 106 0.0028 0.001p 0.0034 187 0.82 Q.44 1.4 0.35 |4.0 0.05
18 | UASBDL| 64.6| 55.4 104 0.002f 0.0014 0.0034 2193 0.79 041 1.4 0.35 [4.0 0.05

Note: 1. B, B andB_...,are the initial supersaturation for newberyite, struvite and Ga€xpectively.
Initial supersaturation is defined as the ratio of the initial ionic product to the solubility product e.g. fqf CaCO
BCaCOs‘i = (Ca?+i)(CO32-i)/KspCaCO3
2. Subscripts “T” = total ortho-phosphate species, and “i” = initial.

for CaCQ could only be taken into account in the simulations b’ - for MgCQ, varied between 13 and 68 /d (however, the very
significantly reducing the precipitation rate for the UASBDL batctsmall amount of MgCQprecipitated, < 1m¢/ makes accurate
tests (see below). Inthe SSADL, Ca@omprised 3.0 t0 6.9% of estimation of this rate difficult). The reason for the very |O\F/)\{)IK'
the total mass of precipitate formed. Newberyite was predictedfiar CaCQ in Batch Test 13 could not be established. Initially from
precipitate in small amounts from both liquors in the visuathe visual fit simulations it was thought that Mg interference caused
calibration simulations whereas in the parameter estimatighe rate to be so low (Musvoto et al., 2000), but this was due to
simulations it was predicted to precipitate only in the SSADLincorrectly transposing this low rate with that of Batch Test 14.
however, in all simulations it comprised only < 0.3% of theBatch Test 14 had the highest initial Mg/Ca ratio (Table 8) and the
precipitate mass formed (Table 7). From information in thprecipitation rate of CaCQs known to decrease with increasing
literature, this is expected because the pH, initial molavig/Ca ratio (Benjamin etal., 1977), an effect exacerbated hy PO
concentrations and the degrees of supersaturation for newberyiteMg/P molar ratios of 1.5 to 2 (Benjamin et al., 1977; Danen-
and struvite present during aeration favour the precipitation @buwerse etal., 1995). However, after scrutiny of the results, itwas
struvite over newberyite, i.e. newberyite precipitates at pH < 6.fund that Batch Test 14 had the hlghest Kor CaCQ of 68 /d
P concentrations > 0.01M afig/B; > 4 (Abbona et al., 1982). (Table 7) and that Batch Test 13 was the one with the Iowftﬁ‘
CaCQeventhoughit had lower Mg/Ca and Mg/P ratios than Batch
Test 14. The low K for CaCQin Batch Test 13 therefore could
not be due to the effect of Mg or P.
For each of the five minerals that precipitated, thg p&lues were For some reason that could not be determined, in both the visual
model constants (not changed) and were the same for both fiteand parameter estimation simulations Batch Test 13 with the
SSADL and UASBDL (Table 7). All are within the range ofvery low K’ | for CaCQ differs from the other three tests on
accepted literature values (Table 7) commonly used in equilibriuBSADL. The visually calibrated and parameter estimation simu-
based water chemistry (see Table 2). lation results for Batch Test 13 are shown in Figs. 6 and 7
respectively. Because in the visual calibration a good correlation
with pH was emphasised (Fig. 6), the correlation for pH is good but
for the FSA, Ca and Cthe correlation is not so good. In the
From the parameter estimation results (Table 7), in the UASBDtarameter estimate simulations (Fig. 7), this bias towards a good fit
the K’ for struvite and ACP, which together make up >95% of théor pH was absent and the correlation between the predicted and
preC|p|tate mass, varied from 1 815 to 2 406/d and 371 to 388stiserved results is improved for FSA, Ca andliiit the pH is
respectively. The K’ for Newberyite and CaCQvere the same consistently under predicted. As is evident above, this lack of fit
in all three batch tests at 0/d and 0.3/d respectively. Thefee with all the measured data is absent in the other 6 batch tests.
MgCQ, varied from 39 to 48/d. Struvite and ACP precipitation
were complete in three and eight minutes respectively. This can®emparison of specific precipitation rates in UASBDL
seenin Fig. 5 which shows the concentration of mineral precipitatedd SSADL
with time for Batch Test 16 on UASBDL (parameter estimate
prediction). The batch tests were continued for at least 24 h The specific precipitation rate constants (Kfound for struvite,
observe also the ammonia stripping rate (see below). ACP and CaCOQdiffer significantly between the SSADL and
From the parameter estimation results (Table 7), in the SSADVASBDL (Table 7). The rates for struvite and ACP in both the
the K’ tfor struvite and ACP varied from 177 to 357 /d and 165 twisual and parameter estimation simulations are much higher in the
249/d respectlvely The K for Newberyite was very low and UASBDL thaninthe SSADL. Conversely, in both sets of simulations
varied from 0.01to 0.07 /d The K‘for CaCQuvaried between 14 the rate for CaC¢ls lower for the UASBDL than for SSADL. The
and 68/d with one very low value of 0.6 /d for Batch Test 13. Thates for Newberyite and MgG@ere similar in the UASBDL and

Solubility products (pK

sp)

Specific rate constants for precipitation (K’ ppl)
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Figure 1
Predicted (parameter estimate results) and measured soluble concentrations for calcium (Ca, Fig. 1a, top left), magnesium (Mg, Fig. 1b,
top right), total phosphate species (P,, Fig. 1c, middle left), total carbonate species (C,, Fig. 1d, middle right), free and saline ammonia
(FSA, Fig. 1e bottom left) and pH (Fig. 1f, bottom right) for aeration Batch Test 16 on anaerobic digester liquor from Stellenbosch
Farmers’ Winery (Wellington, South Africa) spent wine UASB digester.

SSADL, viz. 0.05/d and 50/d respectively for visual simulationpresence of dissolved organic matter, polyphosphates, polyphenols,
and between 0and 0.07/d and 13 and 68/d respectively for parametawssphoric acid derivatives, fulvic acid, magnesium, organic and
estimation simulations. With regard to thepplﬁor struvite and inorganic phosphate and iron. ?Fis known to be the strongest
ACP, itis most likely that these differences are due to inhibition arfihibitor, reducing the CaC@rowth rate even at very low concen-
the precipitation process through “poisoning” of the crystal growttrations (Droomgoole and Walter, 1990). The inhibition by inorganic
sites. The presence of even small amounts of foreign organic @depends on both the initial concentration and the initial degree of
inorganic constituents, trace quantities of surfactants and ottepersaturation of CaGOT'he phosphate concentration in solution
materials are known to alter significantly the growth rate of crystatioes not affect the kinetics of precipitation once crystal growth has
and their morphology (Stumm and Morgan, 1981). The SSADstarted, but generally the rate of precipitation is lower if the initial
contained considerably more particulate organics than the UASBDdupersaturation of CaCds lower (House, 1987). In the
which most likely acted as inhibitors (rather than providing morexperiments, the initial Mg/Ca and Mg/R@ ratios are not
seed material surface area) and probably is the reason for the slosignificantly different in the two liquors, though the initial Mg/Ca
rates of precipitation of struvite and ACP in the SSADL than in theatio tends to be higher in the UASBDL (Table 8). The initial
UASBDL. CaCqQ saturation is lower in the UASBDL than in SSADL, but
With regard to the precipitation rate of CagC@om the initially both are strongly undersaturated with CaCBecause in
literature this is particularly sensitive to and inhibited by théhe batch test several minerals are precipitating and pH is rising, the
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Figure 2
Predicted (parameter estimate results) and measured soluble concentrations for calcium (Ca, Fig. 2a, top left), magnesium (Mg, Fig. 2b,
top right), total phosphate species (P,, Fig. 2c, middle left), total carbonate species (C,, Fig. 2d, middle right), free and saline ammonia
(FSA, Fig. 2e bottom left) and pH (Fig. 2f, bottom right) for aeration Batch Test 18 on anaerobic digester liquor from Stellenbosch
Farmers’ Winery (Wellington, South Africa) spent wine UASB digester.

relative ratios of the species concentrations and the saturation stati, which are known to inhibit CaG@recipitation, were not

change with time. Because struvite precipitates so rapidly and A@Btermined in the two liquors. It therefore appears that the lower

more slowly, the Pand Mg concentrations decrease very quicklyprecipitation rate constant for CaCi@ the UASBDL may be due

but the Ca concentration more slowly. This, with the rising pHp: (i) higher concentrations of inhibiting compounds like

causes CaC@o become supersaturated several minutes into tipgrophosphates, (ii) a lower initial CaC@ ratio and possibly,

test. Therefore, by the time Cag&@arts precipitating, the Mg and though unlikely, (i) dissolved organic substances because the

P, concentrations are already low. Under these conditions, itfi#ered COD of the UASBDL is slightly higher than the SSADL.

difficult to assess the significance of the effect of initial conditioiBecause all these effects are not taken into account directly in the

parameters (concentration afidatios such as in Table 8) on themodel, they are reflected by a change in the specific precipitation

precipitation rates. rate constant. However, itis not possible to identify definitively the
Although the filtered COD concentration (which is an indicacause for the difference in CaCfrecipitation rates between the

tion of soluble organics) was not measured for each batch testp liquors.

measurements on a few samples showed a soluble concentration of

900 mg{ for SSADL and 980 m¢for UASBDL. Measurements Gas stripping

of Fe indicated low concentrations (0.2 to 0.7Anghd that the

concentrations did not differ significantly between SSADL and he specific rates for gas stripping for both.@@d NH differed

UASBDL; accordingly, this cannot account for the difference ifor each individual batch test (Table 7). This is not unexpected

CaCQ precipitation rates between the two liquors. The presentecause the aeration conditions (gas flow rates, mixing, solids, etc.)

of compounds such as pyrophosphates, polyphenols and fuldiffered in each batch test. With the clarity of hindsight, the
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Figure 3
Predicted (parameter estimate results) and measured soluble concentrations for calcium (Ca, Fig. 3a, top left), magnesium (Mg, Fig. 3b,
top right), total phosphate species (P,, Fig. 3c, middle left), total carbonate species (C,, Fig. 3d, middle right), free and saline ammonia
(FSA, Fig. 3e bottom left) and pH (Fig. 3f, bottom right) for aeration Batch Test 11 on anaerobic digester liquor from Cape Flats
WWTP (Cape Town, South Africa) digester treating primary and waste activated sludge.

aeration rates in the batch tests should have been controlled tadgadly increased the pH without aeration or with delayed aeration
the same for all the batch tests, which would have eliminated the controlled rates, to examine the effect of this on the mineral
specific gas stripping rate as a calibration constant for each bafmecipitation rates.
test.

Conclusion
Comparison of CO , and NH,, stripping rates

The three-phase physical-chemical kinetic model developed for
The stripping rate for CQis much higher, by two orders of the carbonate system (Musvoto et al., 1997) is extended to include
magnitude, than that for NH This is in agreement with the the phosphate, ammonia and short chain fatty acid weak acid/base
literature where itis evident that the volatility of NBimuch lower  systems in three phases with multi-mineral precipitation and multi-
than thatfor CQ This is reflected in the value for the dimensionlesgas stripping. The specific kinetic model developed is to simulate
Henry’s law constant (F). For NH, H.=0.011 whereas for CO the physical-chemical reactions which occur in the aeration treat-
H. = 0.95 (Loewenthal et al., 1986; Katehis et al., 1998). In thment of anaerobic digester liquors (ADL). The processes that
batch tests, the pH was raised by stripping,.C8ecause this occur under these conditions are the dissociation of the weak acid/
process is relatively slow, the mineral precipitation rates may habases, precipitation of solids (struvite, newberyite, amorphous
been influenced by the pH rise rate. The effect of the gas strippicglcium phosphate, magnesium and calcium carbonate) and strip-
rate on the mineral precipitation rates was not examined in ttping of CQ and NH gases. lon pairing effects are also included in
investigation. In future work it is intended to measure the minerttie model because the ionic strength of the liquors tested was
precipitation rates in batch tests with lime or NaOH addition tgreater than 0.025.
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Figure 4
Predicted (parameter estimate results) and measured soluble concentrations for calcium (Ca, Fig. 4a, top left), magnesium (Mg, Fig. 4b,
top right), total phosphate species (P,, Fig. 4c, middle left), total carbonate species (C,, Fig 4d, middle right), free and saline ammonia
(FSA, Fig 4e bottom left) and pH (Fig 4f, bottom right) for aeration Batch Test 12 on anaerobic digester liquor from Cape Flats WWTP
(Cape Town, South Africa) digester treating primary and waste activated sludge.

Minerals Precipitated In the kinetic model the dissociation constants, ion pair stability
800 constants and mineral solubility products were regarded as model
’oE? Struvite constants and were not changed (except for ionic strength and
5,600 temperature adjustments). The specific precipitation rates of the
E minerals and the specific stripping rates of the gases were regarded
S 400 as calibration constants and changed to fit predicted to experimen-
@ tal results. The calibration constants are important when simulat-
.%200 ing time dependent experimental results and when simulating the
S MgCO3 CaCos | ACP final equilibrium condition for a solution with precipitation of
a Y ‘ ] multiple minerals that compete for common species (e.g. ACP and
0 CaCQ competing for Ca species). Inthese latter solutions the final
0.0 0.5 1.0 15 2.0 equilibrium condition may be influenced by the relative rates of
Time (d) precipitation of the competing precipitating minerals. For time
. independent simulations with non-competing minerals precipitat-
Figure 5 . . . .
Predicted (parameter estimate results) concentrations of struvite, Ing, when comparing p_r_edlcted with observed results of on_Iy the
amorphous calcium phosphate (ACP), MgCO, and CaCO, final steady state conditions, only the model constants are impor-
precipitated with time in aeration Batch Test 16 on anaerobic tant.
digester liquor from Stellenbosch Farmers’ Winery (Wellington, To check the performance of the model with a single precipi-
South Africa) spent wine UASB digester. Newberyite (MgHPO,) tating mineral under time independent conditions, predicted results
too low to be included. were compared with the Struvite 3.1 equilibrium based computer
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Figure 6
Predicted (visual calibration results) and measured soluble concentrations for calcium (Ca, Fig. 6a, top left), magnesium (Mg, Fig. 6b, top
right), total phosphate species (P,, Fig. 6¢, middle left), total carbonate species (C,, Fig. 6d, middle right), free and saline ammonia (FSA,
Fig. 6e bottom left) and pH (Fig. 6f, bottom right) for aeration Batch Test 13 on anaerobic digester liquor from Cape Flats WWTP
(Cape Town, South Africa) digester treating primary and waste activated sludge.

program of Loewenthal and Morrison (1997). Since in thi$i,CO,* Alk), free and saline ammonia (FSA, Nand pH were
situation only a single mineral is precipitating (struvite), only theneasured over 24 to 54 h. After establishing the minerals most
model constants are of importance. From this comparison it wilsely to precipitate viz. struvite (MgNJPO,), newberyite
concluded that the kinetic model can accurately predict equilifMgHPO,), amorphous calcium phosphate [ACP, (©&),],
rium conditions for single mineral precipitation. To check th€€aCQ and MgCQand their solubility products from the literature,
performance of the model for multiple mineral precipitation, théhe specific precipitation and gas stripping rate constants were
experimental results of Ferguson and McCarty (1971) were simdetermined by trial and error visual fitting of predicted results to the
lated. Inthe experiments of Ferguson and McCarty, although ordyperimental data and a parameter estimation facility which searches
initial and final conditions are available, because multiple compedfer the calibration constants that minimise the error between the
ing minerals are precipitating both the model and calibratiomodel predictions and experimental results. A good correlation
constants are of importance. From these simulations it wass obtained between model predictions and experimental results
concluded that the model performed well and was sufficientiwith both methods for six of the seven batch tests and while the
robust and stable to simulate multiple mineral precipitation.  second method may be superior, visually there was no discernable
To validate the time dependent performance of the model adidference between the predicted results of the two methods. The
determine the calibration constants, batch experiments were cgood correlation indicated that no mineral that precipitated
ducted by aerating two anaerobic digester liquors (ADL), viz. thresgnificantly in the ADL was omitted from the model.
batch tests on liquor from a spent wine UASB digester (UASBDL) The same minerals were found to precipitate in the two liquors
and four batch tests on liquor from an anaerobic digester treatingtad in similar proportions, viz. in decreasing proportion of precipi-
blended primary sludge and waste activated sludge (SSADL). tate mass formed struvite (MgNIPO,) (82 to 89%), amorphous
these batch tests, Ca, Mg, P®(R), inorganic C (G, via the calcium phosphate (ACP) (5 to 15%), calcium carbonate (QaCO

Available on websitéttp://www.wrc.org.za ISSN 0378-4738 = Water SA Vol. 26 No. 4 October 2000 435



a 120 Calcium b 140 Magnesium
100 Ca pred. 120 Mg pred.
_ g0 W a 100 a
™ Ca meas. o Mg meas.
£ 2 80
V'S
B 60 | “A 3
< D — > 60 [
O =
40 20
20 20 t
0 0 == ZEEEEEx
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 2.5
Time (d) Time (d)
c 200 Total Phosphate d 800 Total carbonate
PT pred. ;PTEd-
150 a 600 N
;,,E? PT meas. ’E\ CT meas.
T 100 4 G400
~ -
E 5 Aaa a
50 200
0 AL ADAA AL A LS 0 L
0.0 05 1.0 15 20 25 0.0 0.5 1.0 1.5 2.0 25
Time (d) Time (d)
Free and Saline Ammonia H
e 800 f 9.5 P
700
600 9.0 Aaa Adaa 4aa a
2500 85
5400 =
< 300 — 80 & —
200 FoApred sk pH pred.
N -~
100 FSA meas. pH meas.
0 70 %
0.0 05 1.0 15 2.0 25 0.0 0.5 1.0 1.5 2.0 25
Time (d) Time (d)

Figure 7
Predicted (parameter estimate results) and measured soluble concentrations for calcium (Ca, Fig. 7a, top left), magnesium (Mg, Fig. 7b,
top right), total phosphate species (P,, Fig. 7c, middle left), total carbonate species (C,, Fig. 7d, middle right), free and saline ammonia
(FSA, Fig. 7e bottom left) and pH (Fig. 7f, bottom right) for aeration Batch Test 13 on anaerobic digester liquor from Cape Flats
WWTP (Cape Town, South Africa) digester treating primary and waste activated sludge.

(Oto 6%), magnesium carbonate (Mg to 5%) and newberyite are not capable of predicting either situation. Further, the kinetic
(MgHPQ) (0.1 t0 0.3%). Unfortunately no experimental tests wereodelling approach also allows the determination of the specific
conducted to measure the concentration of precipitate formautecipitation rates for a number of minerals simultaneously in an
Comparing the mineral precipitation rates in the UASBDL anéhtegrated manner from a single batch test. However, it should be
SSADL, itwas found that the rates of struvite and ACP precipitatiaroted that the kinetic model developed here is restricted to the
were 9 and 2 times faster respectively in the UASBDL than in th@ecipitation of minerals and does not consider dissolution; for the
SSADL; in contrast, the rate of CaCf@ecipitation was 140 times tests considered dissolution was not significant compared to the
fasterinthe SSADL thaninthe UASBDL; the rates of Mg@@l precipitation. For situations where dissolution is significant, the
MgHPQ, precipitation were approximately the same in both liquorskinetic model will predict neither the time dependent behaviour nor
No meaningful comparison could be made for the gas strippirnige final equilibrium state correctly. Attempts to include separate
rates because the aeration rate was different in each batch test@odesses for dissolution in the model caused instability in model
these were not measured. This is the weakest part of the batch testailations in Aquasim. This aspectrequires further investigation.
and is, in hindsight, an omission; if the aeration rate had been Thethree-phase kinetic based weak acid/base chemistry model,
measured, a comparison could have been made between the airigma the approach on which itis based, is proving to be a useful tool
rate and CQand NH gas stripping rates. for research into and design of wastewater treatment systems in
From the simulations it is evident that the kinetic model offer&hich several weak acid/bases influence the behaviour. For
considerable advantages over equilibrium based models. Not ondgearch, the model helps to focus attention on issues not obvious
can it predict time dependent data, but also it can predict the fifedm direct experiment and allows determination of mineral pre-
equilibrium state for situations with precipitation of multiplecipitation rates for a particular wastewater from a single batch test.
minerals which compete for the same species - equilibrium modéce calibrated with the precipitation (and gas stripping if in-

436 ISSN 0378-4738 = Water SA Vol. 26 No. 4 October 2000 Available on websitéttp://www.wrc.org.za



cluded) rates, this kind of model can be used to predict t8JNN DJ (1976) Mechanisms for the Formation and Growth of lonic
performance of different treatment systems to identify for investi- Precipitates from Aqueous Solutiofar. Discussions of the Chem.
gation those that appear technically and economically viable. Jn S0¢.61133-140. '
further work, this modelling approach will be extended to includECFFMAN RJ and MARAIS GvR (1977) Phosphorus Removal in the

biological h th f bic di ti Modified Activated Sludge Process. Research Report W22, Dept. of
lological processes, such as those of anaerobic digestion or q; Eng., Univ. of Cape Town, Rondebosch 7701, South Africa.

biqlogical r_lutrie_nt removal activated sludge. This W?” allow m.OdHOUSE WA (1987) Inhibition of calcite crystal growth by inorganic
elling of biological treatment systems together with the mixed phosphateJ. Colloid Interface Scil19(2) 505-511.

weak acid/base chemical systems within which the biologic&®ATEHIS D, DIYAMANDOGLU V and FILLOS J (1998) Stripping and
processes operate or combined biological/chemical systems suchrecovery of ammonia from centrate of anaerobically digested biosolids

as simultaneous chemical/biological P removal. at elevated temperature®/ater Environ. ResearctO (2) 231-240.
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