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Abstract

Ablend of ferrous chloride and ferric chloride (FgE£CL) was simultaneously dosed into an activated sludge system at pilot scale

in order to test the effect on biological P removal. Additional removal due to chemical precipitation was measured asrtbe diffe

in system P removal between parallel test and control systems. Both systems strongly exhibited biological excess P régyoval (BEP
The extent of P release in the anaerobic reactors of the two systems was compared by mass balance, as one indictita of the rela
“magnitude” of BEPR. Phosphorus fractionation of the mixed liquor also served as an indicator of the biological and chemical
mechanisms. Evidence was found that the BEPR mechanism is partially inhibited by simultanegbieEeadition, even in

the absence of effluent phosphate limitation. However, the degree of inhibition was relatively low, ranging from 3 to 25%
(approximately) for Fe doses in the range ca. 10 to 20asde, with an average system P removal of 14 to 1& mgRé control.
FeCl-FeCl, dosing in this range was sufficient to produce additional P removal of the order of 1 t¢8wegBériods of one to

seven sludge ages per experimental period, depending on the experimental conditions. Sustained operation of the BEPR mechanism
in the presence of FegFeCl, was possible over a continuous period of seven sludge ages, under conditions in which effluent
phosphate was at least partially limiting. Under such conditions, the chemical and biological mechanisms appear to be
“disadvantaged” to approximately the same extent, as evidenced by the apparent stoichiometry of Fe:P for the chemitbahprecipita
and magnitude of the poly P containing fractions measured for the biological mechanism. This suggested that the biological
mechanism is able to compete effectively with the chemical mechanism under conditions of low reactor phosphate concentrations
(~1 mgP/ orthoP) for sustained periods. However, the presence of simultaneous chemical precipitant significantly reduces the
extentto which the biological P removal potential is utilised under P-limiting conditions. This could explain the diffioatiyres

reported in the control of full-scale activated sludge systems with simultaneous precipitant addition where a very lo® effluent

concentration (<1 mgB/has to be achieved.

Nomenclature ISS
M’Prem
D Delta, meaning “difference in” or “change in” M,P,
(e.g.DM,P_ - see also below) N,

AE1 or 2 Aerobic zone or reactor a
Fe~P~O Ferric phosphate/ oxide precipitate (theoretical) aftéto,

ashing of ferric hydroxy-phosphate No,,
Fe~P~OH Ferric hydroxy-phosphate NO, 1 o2
Alk. Alkalinity (unless otherwise statetlicarbonate
alkalinity) No, ,
AN Anaerobic zone or reactor No,
AX Anoxic zone or reactor e
Bicarb. Bicarbonate (or sodium bicarbonate) X
COD Chemical oxygen demand orthoP
DSVI Dilute sludge volume index o)
f Filtered(in italics) PCA
P, Filtered total phosphate poly P
P, Filtered total phosphate, anaerobic zone or reactor PO,
fPiope  Filteredtotal phosphate, first or second aerobic zone &0,  or
reactor, respectively
P Filtered total phosphate, anoxic zone or reactor PO, ,
POA,e
POAi
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Inorganic suspended solids

Mass of phosphate removed (mgP/d)

Mass of phosphate released (mgP/d)
Concentration of ammonia in the effluent
Concentration of ammonia in the influent
Concentration of nitrate
Concentration of nitrate in the anaerobic zone/ reactor
Concentration of nitrate in the first and second zone/
reactor, respectively
Concentration of nitrate in the anoxic zone/ reactor
Concentration of nitrate in the effluent

Effluent TKN concentration

Influent TKN concentration

Orthophosphate

Oxygen uptake rate (in mé/f])

Perchloric acid (fractionation studies)
Polyphosphate

OrthoP concentration in the anaerobic zone

OrthoP concentration in the first aerobic (b1) or
second aerobic (b2) zone

OrthoP concentration in the anoxic zone

OrthoP concentration in the effluent

OrthoP concentration in the influent

Primary settling tanks (or primary sedimentation tanks)
Influent total P concentration

Effluent total P concentration
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Total P concentration removed product comprising a blend of ferrous chloride and ferric chloride
Total P concentration released (measured on filteredeCl/ FeCl). This productis manufactured NP Ultraflocand

mixed liquor sample) typically contains approximately 90% of the total iron content in

Q Influent flow rate the ferrous form, with the remainder in the form of ferric chloride.
Q, RAS (or s) recycle flow rate Preliminary work with this product at pilot scale had indicated
rem Removal/removed promise, giving not only good P removal, but also significantly
RES Residue (in fractionation studies) better settling compared with ferric chloride (De Haas, 1998). The
SD Sample standard deviation aim of this study was to test more fully the effect of this product on
S.G. Specific gravity biological P removalinitially at pilot scale, with a view to subsequent
S, Effluent (total) COD concentration full-scale trials at Darvill WWW. This paper describes the results

X Influent (total) COD concentration of the work at pilot scale. The full-scale trials were described by De
SUP Supernatant (in fractionation studies) Haas (1998).
TKN Total Kjeldahl nitrogen
TSS Total suspended solids Materials and methods
VSS Volatile suspended solids

Pilot plant set-up
Introduction
Two identical pilot-plant units (R1 as test and R2 as control) were

In Part 4 of this series of papers (De Haas et al., 2000a), t$ef up and operated in the same manner as described in Part 3 (De
interaction between biological P removal and chemical P removidpas et al., 2000c). The only exception was that the units were
in an activated sludge system with simultaneous ferric chloridgperated at a sludge age of 10 d throughout for experimental
(FeCl) addition was examined. A major supplier of industriaperiods using the Fe@FeCl, blend.
chemicals for water and wastewater treatment in South Africa
(NCP Ultraflo manufactures ferric (iron [Ill]) chloride by Pilot-plant feed supplementation for enhanced
dissolving iron (including scrap iron) in hydrochloric acid to givecultures
a solution of mainly ferrous chloride, followed by oxidation of the
ferrous ions to ferric ions using chlorine (Leopold, 1996). Thdhe first period of dosing with FegFeCl blend followed on
option exists of removing a fraction of the (mainly) ferrous (irordlirectly from a preceding period of FeGlosing (Period 3.3.6
[117) chloride solution for commercial sale prior to the oxidationdescribed in Part 4 — De Haas et al., 2000a). An intervening
step. Work carried out by the Johannesburg City Council (Léttepperating period of 10 d (one sludge age) was allowed during which
1991) demonstrated the value of ferrsulphate for simultaneous FeCl/FeCl,was dosed, but no data were collected. Data collection
phosphate precipitation in nutrient removal plants, although tistarted on 13/12/95 (Period 3.4.1).
mechanism for the superior performance compared with ferric For the FeCl FeC| dosing periods, the influent supplements
chloride could not be explained. Subsequently, many of theere not changed significantly from those used in the feSIng
Johannesburg biological nutrient removal activated sludge plameriods (Part 4). The acetate feed supplement was kept constant
were converted to ferrowhloride dosing (Leopold, 1996). throughout at 150 mgas COD except for periods with P limitation

A review of the literature in Part 1 revealed that the oxidatioduring which it was reduced to 20 ragis COD (Table 1).
of ferrous ions to ferric ions may be expected under aerobfmilarly, influent magnesium, potassium, and phosphate
conditions in an activated sludge plant (De Haas et al., 2000b). Té@ncentrations were held constant, except where P (and hence K)
theoretical oxygen demand for this reaction is small, namely 0. 88pplementation was withheld to create P-limiting conditions
g O/ g Fé*. From the requisite supplementary P removal, th€Table 1). Influent alkalinity was supplemented in all periods (at
required iron dose would also be small (e.g. 5to 10asde). This 100 mgt CaCQ) in the form of sodium bicarbonate. Hence, the
implies that the aeration requirement for iron oxidation would b&ain variations in influent composition were those due to the
negligible compared to that for carbonaceous removal arsg¢ttled sewage sampled from the full-scale WWW. The main
nitrification in a typical activated sludge plafiveoman et al. difference from FeGlosing periods was the lower influent acetate
(1988) quoted an oxygen demand of 0.15/m®¢* from Singer  supplementfor during times when influent P addition was withheld.
(1970), stating that the oxygen demand is high and can caulSéhe reason for this difference was that the P-limitation experiments
operational problems. Taking the case of Darvill Www imwith FeCl/ FeCl blend were performed chronologically earlier
Pietermaritzburg (South Africa), with an average daily flow othan those with FeGlInitially the aim was to reproduce the full-
60 M4d, a typical maximum (dry weather) influent COD of 35(cale operation of Darvill WWW as closely as possible at pilot
mgQ/¢and TKN of 42 mgM/at summer temperatures (ca. 22°C),scale; 20 mg/COD as acetate (expressed on an influent flow basis)
the average total biological oxygen demand will not exceedas fairly typical of what the side-stream fermentation system
approximately 21 400 kg (@, excluding any oxygen “recovery” using primary sludge produced at this WWW. As will be shown
from denitrification (WRC, 1984). Assuming an additional 3 migPhere, the results of this study suggested that complete biological P
removal is required by dosing hypothetically pure ferrous chloridégmoval could not be achieved at this low acetate dose for Darvill
and that a molar ratio of 2 mol Fe/mol P suffices, then the daily irogettled sewage. Hence, to achieve true P-limiting conditions, the
dose will be approx. 650 kg Fe/d. The oxygen demand for oxidatienetate dose was increased in later experimental periods (with
of the ferrous ions to ferric form will then be approx. 98 kiglO FeCL)].
which is about 0.5% of the total biological oxygen demand in the
system. This is a negligible contribution]. FeCl,/FeCl, and acid dosing

In view of the above, and the potential for use of ferrous
chloride in the full-scale plant at Darvill Wastewater Works (WWW)-eCl/FeCl, chloride is supplied commercially BYCP Ultrafloc
operated by Umgeni Water, it was decided to include in the studg a blend containing 12 to 14 % m/m total Fe, of whioingmum
on simultaneous chemical P removal, a commercially availabtd 60% is guaranteed to be in the form of ferrous ions. In practice,
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TABLE 1
Sewage supplement composition by experimental period
(Refer to Table 2 for relevant FeCl ,/ FeCl, and acid doses)
Period | Date range No. of Na-acetate |K ,HPO, MgCl, K,HPO, NaHCO,
days mg/ ¢ mgP/¢ mg Mg/ ¢ mg K/¢ mg/¢
as COD as CaCoO,
3.4.1 13/12/95 to 13/1/96 32 150 40 12.6 100 100
3.4.2 15/1/96 to 17/2/96 34 150 40 12.6 100 100
3.43 18/2/96 to 18/3/96 30 150 40 12.6 100 100
3.4.4 1/4/96 to 10/6/96 70 150 15 12.6 38 100
3.5.1 11/6/96 to 26/7/96 45 20 0 12.6 0 100
3.5.2 2717/96 to 27/8/96 32 20 0 12.6 0 100
TABLE 2
Experimental periods of FeCl /FeCl, chloride and acid dosing to pilot plants
Target influent flow rate =36  ¢/d throughout. Sludge age = 10 d throughout.
Period name Date range No. of Zone FeCl ,FeCl, | Acid (HCI)
days with dose to R1 dose
FeCl,/ (test) unit (mmol/d)
acid (mmol/d
as Fe)
3.4.1 High Fe 13/12/95 to 13/1/96 32 AE1l 12.4 10
3.4.2 Low Fe 15/1/96 to 17/2/96 34 AE1l 6.2 10
3.4.3 Low Fe 18/2/96 to 18/3/96 30 AN 6.2 10
3.4.4 Low Fe 1/4/96 to 10/6/96
Partial P limitation 70 AE1 6.2 0.5
3.5.1 Low Fe 11/6/96 to 26/7/96
Partial P limitation 46 AE1 6.2 0.5
3.5.2 Low Fe 27/7/96 to 27/8/96
Partial P limitation 32 AN 6.2 0.5

the product ranges from 85 to 95% Fe [ll] (Reynolds, 1996). Likgreclude iron hydroxide precipitation. For this reason, 10 mmol/d
ferric chloride, the product contains approx. 0.5 to 1.0 % free HQf HCI was added to the diluted solution of F¢&Cl dosed to

Two batches of Fe@FeCl, chloride blend supplied IYCP  R1, and the same amount of acid was fed with tap water only to R2,
Ultrafloc were used[The ferrous-ferric chloride blend could not also at a rate of 5004d. An acid dose of 10 mmol/d as HCl is
be stored for extended periods (more than 4 months) because it wgsivalent to 14 mé/as HCI, based on an influent flow rate of
found that a precipitate formed in the concentrated stock solutiofi6 ¢/d. This was considered to be small in relation to the influent
The composition of this precipitate was not determined, but itdkalinity supplement of 100 mgas CaCQ However, it was
reddish-brown colour suggested that it was an oxide. By comparis@ubsequently found that the supply of 0.02M HCI in the first
the ferric chloride solution was stable and did not give a precipitatelilution of FeCl/FeCl|, blend (see above) was sufficient to prevent
even after storage under identical conditions for over a yearprecipitation of iron hydroxide upon dilution to 500¢ mvith
Upon analysis by atomic absorption spectrometry, the first batchtaip water. This lower acid dose was equivalent to 1 mmol/d (or 1.4
FeCl/FeCl chloride was found to contain 13.3 % m/m total Fe, anthg# as CaCQ) - a negligible amount. Accordingly, the dosing of
had an S.G. of 1.30 kg#vhile the second contained 12.4 % m/madditional acid (10 mmol/d) to both test and control units was
total Fe and had an S.G. of 1.32¢k/ suitable stock solution (80 stopped in Period 3.4.4 (Table 2).
to 85 i perf) of this product was prepared using deionised water Table 2 gives the actual dosage rates applied for the respective
containing approximately 0.02M HCI. The HCI ensured that thexperimental periods. Assuming a molar ratio of 0.5 mol P/
solution remained acidic and the precipitation reaction was retardedol Fe, _ in the precipitation reaction, a dose of 6.2 mmol Fe/d or
This stock solution lasted for approximately one month, with onE2.4 mmol Fe/d translates into an expected additional P removal of
aliquot of 25 nd supplying 6.2 mmol Fe/d and approx. 0.5 mmol2.7 and 5.4 mgPfespectively at an influent flow rate of 36 I/d. As
d as HCI to the pilot plant R1 (test unit). The daily aliquot (26 m with alum and ferric chloride dosing (Parts 3 and 4), this appeared
was further diluted to 500 hwith tap water and dosed into the to be a reasonable target for “low” and “high” iron dosage rates on
anaerobic (AN) or first aerobic (AE1) zone of the test unit. Fathe basis of full-scale operating experience at Darvill WWW (De
consistency with earlier work (Parts 3 and 4), a small amount bffaas et al., 2000a, c).
acid was added to the Fe solution before dilution with tap water to
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TABLE 3
Summary of P removal due to FeCl _ measured in pilot plants
Pt.., implies TP removal (Influent - Effluent). R1: Fe dosed; R2 : Control.
Period Data Fe dose Zone P emri P emr2 Pemir1 DM(P,... | Observed
- Pz - Piemra stoichio-
metry
mmol/d mgP/ ¢ mgP/¢ mgP/¢ mgP/d mol P/
mol Fe .
34.1 Average 12.4 AE1 25.6 17.8 7.8 289 0.75
n 19 19 19 19 19
SD 4.6 4.5 2.8 101 0.26
95% CL, upper - - - 338 0.88
95% CL, lower - - - 240 0.62
3.4.2 Average 6.2 AE1 20.8 17.0 4.2 144 0.75
n 23 24 22 23 23
SD 4.4 4.8 4.0 139 0.72
95% CL, upper - - - 205 1.06
95% CL, lower - - - 84 0.44
3.4.3 Average 6.2 AN 20.5 11.7 8.9 336 1.75
n 20 19 19 19 19
SD 4.0 3.8 2.0 64 0.33
95% CL, upper - - - 367 1.91
95% CL, lower - - - 306 1.59
3.4.4 Average 6.2 AN 155 14.4 11 39 0.20
Partially n 42 42 40 40 40
P limited SD 29 2.9 1.3 52 0.27
95% CL, upper - - - 55 0.29
95% CL, lower - - - 22 0.11
35.1 Average 6.2 AN 6.5 4.4 2.2 80 0.41
Partially n 25 25 21 21 21
P limited SD 3.3 3.7 0.9 33 0.17
95% CL, upper - - - 95 0.49
95% CL, lower - - - 64 0.34
3.5.2 Average 6.2 AE1 8.2 7.0 0.8 31 0.16
Partially n 21 21 18 18 18
P limited SD 1.8 2.3 0.9 38 0.20
95% CL, upper - - - 49 0.26
95% CL, lower - - - 12 0.06
n: no. of observations; SD: Standard deviation; CL: Confidence limit

Parameters measured Results and discussion

All parameters were measured in the same manner as describelésults for FeCl /FeCl, dosing with influent phosphate
Part 3 of this series of papers (De Haas et al., 2000c). supplement

Chemical fractionation of sludge samples A summary of the results for the F/EECL dosing periods is
given in Table 3. A complete set of experimental results is given in
Fractionation and anaerobic batch P release tests were carriedAppendix A (Tables Al to A4).
according to the procedure described in Table 9 of Part 2 of this With few exceptions, total P removal was greater in R1 (iron
series of papers (De Haas et al., 2000d). dosed) than R2 (control), at both low and high H&€LC| doses.
For Periods 3.4.1to 3.4.3, where phosphate was never limiting (i.e.
effluent contained well in excess of 1 m¢gluble P), FeGiFeCl,
produced the largestimprovement in P removal (Tables 3 and A4).
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TABLE 4

Comparison of P release in anaerobic reactors (on mass basis) between test (R1) and
control (R2) systems, expressed as a percentage (R1/R2)

Period PO4e MPrel(R1)/MPrel(R2)
mgP/¢ %
Mean (SD) : R1 Mean (SD) : R2 Mean SD 95% 95%
upper conf. | lower conf.
limit limit

3.4.1 16.57 (3.08)| 23.12(5.07) 131 15 235 26 101
3.4.2 22.69 (4.92)| 25.61 (5.61) 91 9 114 86 18
3.43 21.25 (3.45) 29.55 (3.07) 108 8 114 102 g
3.4.4 1.14 (1.12) 2.10 (2.04) 81 5 84 79 23
3.5.1 3.07 (2.09) 5.15 (2.70) 97 142 172 21 16
3.5.2 1.29 (1.14) 2.31 (2.00) 58 9 64 51 1(

SD: Standard deviation; n: no. of observations

As will be discussed below, where phosphate was “partiallyjarticularly likely during Period 3.4.3 when ferrous ions were

limiting (i.e. effluent soluble P concentrations sometimes felfiosed directly to the anaerobic zone of R1 (test unit).

below 1mgRY), a smallerimprovementin P removal was recorded. It is worth noting that the DSVI in R2 (control) also increased
Avery noticeable drop in P removal performance in the unit R&gnificantly during Period 3.4.3, relative to the preceding periods

(control) occurred during Period 3.4.3. Whereas in Periods 3.4ahd to R1 (test unit) (Table A2). It therefore appeared that during

and 3.4.2 P removal in the R2 averaged approximately 17 to &8s period poorer sludge settleability was linked with weakened

mgP¢, during Period 3.4.3 P removal in R2 averaged less than biblogical P removal. Dosing with Fe@feCl, also appeared to

mgPZ while that in R1 (the test unit) showed little change relativameliorate the negative effect on settleability. The positive effect

tothe preceding period (Table 3). The reasons for weaker biologicdliron dosing on settleability (based on DSVI) was true for all the

P removal performance in the control unit during this period wereeCl/FeCl, dosing periods (Table A2).

not immediately apparent during the experimental investigation.

However, circumstantial evidence suggested that the underlyiMpss balances

cause was the influent characteristics arising from the source of

settled sewage. The sewage composition at Darvill WWW tends @verall mass balances for COD, N and P

be very variable in summer when rainfall in the catchment oftefhe mass balances (Appendix A, Table A3) for COD and N

leads to severe ingress of stormwater and/ or groundwater to tkenoval were satisfactory (100% + 15) for most periods (mean

collection system. Late December 1995 and January 1996 w&®@D = 103% +6; mean N = 95% +10). However, for phosphorus

characterised by high rainfall in the catchment of Darvill WWWthe mass balances for Periods 3.4.1 through 3.4.3 and Period 3.5.1

Itis normal operational practice at this WWW to divert surplus wetere frequently greater than 100%, ranging from 101 to 196%.

weather flows (ca. >3 x ADWF) to a storm dam. When the stor@onfidence in the results for these periods is, therefore, somewhat

damiis full (as it was through most of January 1996 until the secoretuced. The problem may have stemmed from a failure to achieve

week of February 1996), the excess sewage overflows from theady-state operation of the pilot plants during the experimental

storm dam to the adjacent river. When flow conditions and capacipgriods in question. For example, during Periods 3.4.1 to 3.4.3,

permit, the storm dam contents are pumped back into the Works &ach covering about three sludge ages, P removal performance was

treatment. For the period under review, this began in the first 1riable for reasons largely related to a variable source sewage

days of February 1996 (i.e. during Period 3.4.2), but was interruptedmposition (as discussed above). This was reflected also in the

again by heavy rain in the second and third week of February. Tiedatively large standard deviations for P content of the mixed

pumping of sewage back from the dam was accomplished maitiguor (see P/VSS in Table A3). The longest experimental period

in March 1996 (i.e. during Period 3.4.3) as the summer rains camvéth the most stable plant operation (Period 3.4.4 spanning seven

to an end. It is possible that pumping back septic sewage from #iadge ages) gave good P mass balances (Table A3).

storm dam during February-March 1996 caused increased sulphide

concentrations in the influent to the WWW, from which the feed t® mass balance around the anaerobic reactor

the pilot plants was derived. The sulphide content of the influefrom mass balance considerations around the anaerobic reactor it

was not measured, but the black colour and septic smell (suspeatad be shown that:

sulphides) of the influent was noted on several occasions during the

period in question. Sulphide (ot$) has been identified as a likely

inhibitor of biological P removal (Comeau et al., 1986; Hartley et

al., 1999). Dosing with Fe@FeCl, appeared to ameliorate the where M,P, is the mass of P released to the (filtered) supernatant

negative effect on P removal. Assuming that influent sulphide was the anaerobic zone.

implicated in the observed decrease in P removal, itis likely thatthe Using the measured data given in Tables A2 and A3 (Appendix

formation of insoluble FeS in the mixed liquor would reduce thg) and Eq 1 with Q= Q, (1:1 s-recycle ratio), P release in the

impact on the biological mechanism. This would have beenaerobic zone of the test unit (R1) could be calculated and

M’Prel = [(Q| + Qs) fPta] - [Q| 'Pti + Qspte] @
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expressed as a percentage of that in the control unit. A resultadfalinity (theoretically +0.89 mg as Ca@@ng Fe, according to
100% would indicate no inhibition of P release in the test unitoewenthal et al., 1986). The precipitation of ferric hydroxide
relative to the control. The results are given in Table 4 and can ineolves alossof alkalinity which theoretically is (-)0.92 mg as
compared to effluent soluble orthophosphate concentrationsfPO CaCQ/ mg FeC] (Loewenthal et al., 1986), or (-)2.67 mg as
The data in Table 4 show that large variances in the data w&aCQ/ mg Fe. Assuming that typically 90% of the total Fe in the
observed for some periods, as reflected in the wide range in 9%#énd is in the ferrous form when dosed (Reynolds, 1996), and that
confidence intervals. This was particularly true for Periods 3.44ll the ferrous ions are oxidised to ferric form, followed by
and 3.5.1. Since these periods also showed poor P mass balanmegipitation as the hydroxide, timet alkalinity losswould be
the results for these periods must be treated with caution. TG¥L.87 mg as CaC@ng Fe. From the information Materials
results for Periods 3.4.2 and 3.4.3 show smaller variance with taed methodsand Table Al, it can be calculated that the observed
95% confidence interval for the mean ratio of P release (R1/R@)ean alkalinity loss (R1 compared to R2) was 1.7 mg Ga@®
spanning 100%. This suggests that for these periods (withdee for Periods 3.4.2 to 3.5.2 when the Fe dose was low (6.2 mmol/
effluent P limitation), inhibition of P release in R1 in the presencd) and 1.0 mg CaC{¥mg Fe for Period 3.4.1 when the Fe dose was
of FeCl/FeCl dosing (test unit) was minimal or absent.high (12.4 mmol/d). These data suggest that at the lower iron doses
Alternatively, inhibition of the biological P removal mechanismirthe alkalinity consumption was in broad agreement with the
the control system due to extraneous factors such as influgheoretical amount for iron hydroxide formation.
characteristics (see above) could explain why the magnitude of P With the benefit of supplemented influent alkalinity to the pilot
release in the anaerobic zone of the two systems in these periptisits (Table 1), the data in Table A1 show that the pH in the
was similar. By contrast, Periods 3.4.4 and 3.5.2 (during whi@naerobic zone generally remained above 7.0, and there was little
effluent P limitation occurred at times), showed better P mastatistical difference between the behaviour of R1 compared to R2
balances and smaller variances in the data. The results for thesthis respect, even when the anaerobic zone (of R1) was dosed
Periods suggest that inhibition of P release in the test unit wadth the ferrous-ferric blend. There was a slight tendency for the pH
significant (approximately 20 to 40% inhibition) when P was atf the aerobic zones to be lower in R1 than R2 (Table A2), which
least partially limiting. The greatest degree of inhibition of FAnay be expected since the ferrous-ferric dosing still produced a net
release was found for Period 3.5.2 after an extended operataigalinity demand. However, this difference never exceeded 0.11
period (nearly fifteen sludge ages) with sustained iron dosing ap#i units on a median basis and was considered to be insignificant.
low effluent P concentrations. Interestingly, Period 3.5.2 also gave Accepting that ferrous (Fe[ll]) ions dosed are oxidised in the

the lowest observed stoichiometry for P .Fe, . (Table 3). activated sludge system to Fe[lll] ions (De Haas et al., 2000b),
empirical formulae for ferric hydroxy phosphate may be developed

Molar ratios of P removed/ Fe dosed and point of for the overall precipitation reaction. Luedecke et al. (1989)

dosing suggested the following general formula for ferric hydroxy-
phosphate:

Calculation of the average molar ratio of P { Fe, _.in Table 3

is based on the assumption that the difference in system P removalFePQ, (OH), .,
between R1 (test) and R2 (controlpidy ascribable to chemical

addition As discussed in Part 4 (De Haas et 2000a), the From the experimental data discussed above, excluding any
measured system P removal (Table 3) may not be a relialtheoretical alkalinity recovery from the iron oxidation reaction, the
indicator of precipitation stoichiometry. The difference in systeniron precipitate which formed consumed approximately 1.8 to 2.5
P removal between R1 (test system) and R2 (control) is a measmg as CaC@mg Fe alkalinity (or 2 to 2.8 mol OH/mol Fe). The

of the combinedchemical and biological removal. Hence, forobserved additional P removed as orthoP (from fractionation data
example, at low effluent P concentrations (e.g. Periods 3.4.4 afwd periods without P limitation - refer below and to Table 7) was
3.5.2), the apparent “precipitation efficiency” is greatly reduced, tim the order of 0.66 mol P/mol Fe dosed. From these observations,
the point that the system P removal in R1 (test system dosed wath alternative theoretical formula for ferric hydroxy phosphate
iron) approaches that of R2 (control). This may be partly due taay be proposed which include$"ds some unknown (possibly
inhibition of the biological mechanism, but partly also due talivalent) cation, such as calcium or magnesium:

chemical precipitation being less efficient at low P concentrations.

For this reason, fractionation of the mixed liquor was applied as an Fe (X*) PO, (OH), ,
independent method of estimating the sizes of the chemical and

biological phosphate “pools” (see below). Substituting a value of r = 1.33 to 1.66 (approximately) into this
theoretical formula satisfies the observed alkalinity, Fe and P
Alkalinity and pH considerations removal data for periods of dosing the ferrous-ferric chloride blend.

The resultant formulais similar to that estimated for alum and ferric

The acidity of the FeGFeCl blend (0.5 to 1% free acid as HCl in chloride dosing by the same means in Parts 3 and 4 respectively (De
the product supplied) as well as alkalinity consumed in thiaas et al., 2000a & c).
precipitation process may be significant. In this study it was found
that the effluent bicarbonate alkalinity in R1 (ferrous-ferric dosedjractionation studies
was consistently lower than in R2 (control), but the difference was
small, in the range 8 to 22 nigs CaCQ(Appendix A, Table Al).  Periods without P limitation
This difference was smaller than that obtained for ferric dosirighe results of fractionation studies for Periods 3.4.1 through 3.4.3
(Part 4 — De Haas et.aP000a), which may be significant for are summarised in Table 5 and Fig. 1. These results show that
applications where arelatively low influent alkalinity requires limereCl|-FeCl increased the orthoP (“chemical precipitate”) fraction
dosing on a routine basis. of the sludge between two and six fold such that it came to represent

The oxidation of ferrous ions to ferric ions involvegainin  between 19% and 39% of the combined “chemical” and “biological”
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Fractionation data for periods of FeCl

TABLE 5

,-FeCl, dosing without P limitation. Percentages in parentheses are
relative contributions to total P of mixed liquor solids (i.e. sum of extracts, including residue (RES) fraction

but excluding supernatant (SUP) fraction)

Date, Unit Period Ferric PCA NaOH Sum of Sum of VSS Inhibition Inhibition
dose, zone  |Complex P |Complex P |PCA and PCA and during () or () or
dosed NaOH NaOH fraction- stimulation timulation
Low = 9.6 mg/ ¢ Complex P orthoP ation (+) of (+) of
High =19.2 mg/ ¢ fractions fractions biological piological
as Fe fractions PCA
based on mgP/gVSS |mgP/gVSS mgP/gVSS mgP/gVSS ol ¢ (PCA + fraction
target influent NaOH) % only
flow =36 ¢d Note 1 Note 1 (R1/R2) %
"Total (R1/R2)
see Table 2  {Biological” “Biological‘ BioJogical” “Chemical” Note 2 Nate 2
10/1/96, R1 34.1 High, AE1 4.45 175.99 180.44 143.578 0.833 -13% -98%
(56%) (44%)
10/1/96, R2 - 186.29 19.86 206.15 24.834 0.766 - -
(89%) (11%)
7/2/96, R1 3.4.2 Low, AE1 146.66 55.61| 202.27 49.63 0.907 -3% -19%
(80%) (20%)
7/2/96, R2 - 180.86 27.40 208.27 24.05p 0.866 - -
(90%) (10%)
18/2/96, R1 3.4.2/3 Low, AE1 148.83 34.96| 183.79 44.22 0.957 +10% * +2% *
(81%) (19%)
18/2/96, R2 - 146.61 20.69 167.30 15.93 0.888 - -
(91%) (9%)
18/3/96, R1 343 Low, AN 169.39 31.59| 200.98 126.51 0.906 +20% * +14% *
(61%) (39%)
18/3/96, R2 - 148.44 17.66 166.1 * 21.48 0.683
(89%) (11%)

* . Partial inhibition of biological P removal mechanism may have occurred during Period 3.4.3.
Note 1: (%) Percentages in parentheses refer to % of sum (“Total Biological” + “Chemical”)
Note 2: Percentages, e.g. -5%, refer to percent inhibition of R1 fractions, relative to R2

R2: Control, Period 3.4.1

R1: High Fe(ll), Period 3.4.1

R2: Control, Period 3.4.2

R1: Low Fe(ll), Period 3.4.2

R2: Control, Period 3.4.3

R1: Low Fe(ll), Period 3.4.3

Available on websitéttp://www.wrc.org.za

Ferrous-ferric dosing periods without P limitation

% Recovery of TP in fractions

92%

T | [ o5

HRES, TP

ENaOH ortho P
OpcA, ortho P
ENaOH, complex P
BpCA, complex P
Osup, ortho P

B supP, complex P

400

mgP/gVSS

Figure 1
Fractionation data for periods of FeCl,-FeCl, dosing without P limitation
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P fractions in the sludge at the low ferric dose, and 44% on the sathe control, apparently resulting from septic influent (e.g. aqueous
basis at the high ferric dose. In a similar manner to K&@lHaas sulphides).
etal, 2000a), dosing with FezFeCl, caused the acid extractable
(PCA) complex P fraction to decrease in size (by 19% at low Heeriods with P limitation
dose and by up to 98% at high Fe dose). In the same manner aditoe results of fractionation studies for Periods 3.4.4 and 3.5.2 are
FeCl, the corresponding alkaline-extractable complex P fractiosummarised in Table 6 and Fig. 2. (For brevity, the results for
increased (Table 5). The increased size of this fraction w&=riod 3.5.1 have been omitted, considering the fairly poor P mass
particularly noticeable at a high Fe dose, when it predominatédlance for this period and the relatively high or variable effluent
(Table 5). These observations are linked with the finding in ParBsconcentrations - i.e. operating conditions which were usually not
2 and 4 of this series of papers (De Haas et al., 2000 a & d) that Ehémiting).
speciation of complex P between the PCA and NaOH extracts is During Period 3.4.4 the influent to both units continued to be
largely an artefact of the fractionation procedure it$Blitch P supplemented with sodium acetate (150¢nag/ COD), but the
release tests performed on mixed liqguor samples taken from-FeGldded phosphate was limited to 15 ndgRhe effect was to
FeCl, dosing periods confirmed that both the PCA and NaOldroduce an effluent with low P concentrations (Table A4) and
complex P fractions are biologically active - data not shownlhence to stimulate “competition” between the biological and
Therefore, thesumof these two complex P fractions should bechemical mechanisms for residual dissolved orthophosphate.
taken as representing the magnitude of the biologically stored ®omparing Figs. 1 and 2 or Tables 5 and 6, it is clear that the P
Table 5 suggests that the sum of the biological (complex Bpntent of the mixed liquor (P/VSS) decreased in both units as a
fractions was not “inhibited” (depressed) by more than 13% in thresult of the partial P limitation. The R1 (test unit) almost always
R1 (test unit) relative to R2 (control). showed a higher P content (P/VSS basis) than R2 (control) during
The data in Table 5 also confirmed that during Period 3.4.Beriods without P limitation (Fig. 1 and Table A3), whereas during
inhibition of the biological (complex P) fractions was evidentin Rperiods with P limitation this was no longer true. The data for
(the control), compared with R1 (the test system). InfluerReriods 3.4.4 and 3.5.2 (Fig. 2 or Table A3) showed similar
characteristics during this operational period appeared to be #t@mbined P removal in R1 (test unit) relative to R2 (control). The
cause, as discussed above. Accordingly, the results for Perigdesphate of the mixed liquor (P/VSS basis) in R1 was closely
3.4.2 and 3.4.3 should not be taken as being representativesipfiilar to (and sometimes slightly less than) that in R2 (control).
typical P removal performance with Fg®eCl, addition. The “biological” (PCA + NaOH complex P) fractions in R1 (test
Nevertheless, these results do indicate that in the presence of Fe@iit) relative to R2 (control) were “inhibited” to a slightly greater
FeCl addition, the biological P removal mechanism appeared to begree (18% to 25%), compared to periods without P limitation
“protected” to some extent from the apparent inhibitory effect€rables 5 and 6). Similarly, the fractionation data from batch tests
seen in the control unit (e.g. precipitation of FeS preventinghowed that biological P release was depressed by between 5 and
inhibition of the biological mechanism from aqueous sulphides8%, depending on whether apparent uptake in the minor fractions
Anaerobic batch P release tests in the presence of excess acétateunted as part of the biological release or not. Minor P uptake
(data not shown here) indicated that there was atendency fgr Fe@ito one of the fractions (PCA orthoP) after the P release test was
FeCl dosing (particularly at high dose) to produce surplus chemicapparent in most cases, particularly for R1 (iron dosed). This
adsorption/ precipitation capacity for phosphate in the mixesliggests that orthoP may “migrate” between the biological and
liquor. This was evident from an increase in the orthoP fractiommhemical P “pools” to some extent, especially where iron dosing
when comparing results before with those after the batch tests. Tesults in spare adsorption/precipitation potential in the mixed
netP release to theipernatanin the batch tests for R1 (test unit) liquor solids (e.g. in the form of iron hydroxide).
were slightly depressed (10 to 23%) relative to R2 (control) intwo Seen as a whole, the fractionation data imply that the BEPR
of the four experiments, while in the other two experiments, thmechanism may have been depressed (or “inhibited”) to a slightly
release was equivalent (or slightly higher) in R1 than R2n€he greater extent when competing for available phosphate with the
P changdor sum of release and uptake) in the respective fractioochemical mechanism, relative to periods without P limitation.
implied that P release from R1 (test) was depressed by approximatdivertheless, at the low Fe dose applied, the biological mechanism
15to 22% at most, compared with the control (R2). Taking accounts still able to compete quite effectively against the chemical
of the apparent uptake in the orthoP fractions by counting it as parechanism. This can be seen by comparing the relative sizes of the
of the total biological P release, ttmal release of P from the “biological” vs. “chemical” fractions overall. For periods with P
sludge was never depressed by more than 16%, relative to timitation, the chemical fractions contributed between 19% and
control. On the same basis, one mixed liqguor sample taken at higdP% of the combined biological and chemical fractions (Table 6),
ferric dose from the test unit (15/8/95) showed significantly morevhich is similar to values of 19% to 39#fer to earlier comments
total release of P (~16% more than the control). However, then poor BEPR performance during Period 3.4f8} periods
apparent lack of steady state (poor mass balances) for most of theghout P limitation but the same Fe and acetate dose (Table 5). As
experimental periods suggest that caution in the acceptancewafuld be expected, where the acetate dose was decreased but Fe
these results. dose left unchanged (Period 3.5.2), the system P removal in both
In summary, subject to the limitations of the data, it may beest and control units decreased (Table A2) and the chemical
concluded that the fractionation results and batch P release tieattion contributedelativelymore to the combined chemical and
results are in agreement. In the absence of P limitation, the exteidlogical P removal (45% in Table 6).
ofinhibition of the biological P removal mechanismin the presence Insummary, Table 6 shows thatunder low effluent P conditions,
of FeC|-FeCl, dosing was probably less than 20%. Evidence wake BEPR component in the test unit with Fe#Cl, dosing
found of accumulation in the mixed liquor solids of surplusppeared to be depressed to some extent compared to the control.
chemical binding capacity for phosphate (especially at high irddowever, the chemical P removal component in the test unit was
dose). Similarly, the bio P removal mechanism in the test systatso smaller under partially P limited conditions, compared to
with iron dosing appeared to be more resilient to inhibition than jmeriods without P limitation at the same Fe dose. Therefore, the
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Fractionation data for periods of FeCl

TABLE 6

but excluding supernatant (SUP) fraction)

,-FeCl, dosing with P limitation. Percentages in parentheses are
relative contributions to total P of mixed liquor solids (i.e. sum of extracts, including residue (RES) fraction

Date, Unit Period Ferric PCA NaOH Sum of Sum of VSS Inhibition Inhibition
dose, zone  Complex P [Complex P |PCA and PCA and during () or (-)or
dosed NaOH NaOH fraction- stimulation timulation
Low = 9.6 mg/ ¢ Complex P orthoP ation (+) of (+) of
High =19.2 mg/ ¢ fractions fractions biological piological
as Fe fractions PCA
based on mgP/gVSS |mgP/gVSS |mgP/gVSS mgP/gVSS gl ¢ (PCA + fraction
target influent NaOH) % only
flow =36 ¢d Note 1 Note 1 (R1/R2) %
"Total (R1/R2)
see Table 2  [‘Biological” “Biological* Biglogical” “Chemical” Note 2 Ngte 2
28/5/96, R1 3.4.4 Low, AE1 55.49 47.99| 103.48 41.56 0.991 -18% -52%
(71%) (29%)
28/5/96, R2 - 116.25 27.56 143.81 11.98 0.983 - -
(92%) (8%)
11/6/96, R1 34.4 Low, AN 42.75 48.07| 90.82 21.34 1.325 -25% -57%
(81%) (19%)
11/6/96, R2 - 98.72 22.64 121.36 4.62 1.225 - -
(96%) (4%)
21/8/96, R1 3.5.2 Low, AN 0.59 36.56| 37.15 30.23 1.109 -22% -98%
(55%) (45%)
21/8/96, R2 - 29.65 17.95 47.6 10.27 1.130
(82%) (18%)

Note 1: (%) Percentages in parentheses refer to % of sum (“Total Biological” + “Chemical”)
Note 2: Percentages, e.g. -5%, refer to percent inhibition of R1 fractions, relative to R2

R2: Control, Period 3.4.4

R1: Low Fe(ll), Period 3.4.4

R2: Control, Period 3.4.4
(end)

R1: Low Fe(ll), Period 3.4.4
(end)

R2: Control, Period 3.5.2

R1: Low Fe(ll), Period 3.5.2

Ferrous-ferric dosing periods with partial P limitation

| 92%

% Recovery of TP in fractions

95%

BRES, TP

ENaOH ortho P
OpcCA, ortho P
ENaOH, complex P
BpCA, complex P
OsupP, ortho P

B suP, complex P
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Fractionation data for periods of FeCl,-FeCl, dosing with (partial) P limitation
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TABLE 7
Estimation of molar ratio of additional P removed as chemical precipitate (PCA and NaOH extract
orthoP fractions) versus iron dosed as FeCl  ,-FeCl,

UNIT/FERRIC Date PCA + Ave. VSS VSS PCA + Difference Fe mol P mol P
NaOH for wasted NaOH (R1-R2) dosed /mol Fe /mol Fe
orthoP period orthoP PCA +
fractions wasted NaOH (This  ([Table 3)
* orthoP table)
wasted
mgP/gVSS g/t g/d mgP/d mgP/d mmol/d

Without P limitation

R1: High Fe: 3.4.1] 1/6/95 143.57 1.332 4.262 61197 523/92 12.4 1136 0{75
R2:3.4.1 24.83 1.108 3.546 88.0%
R1: Low Fe: 3.4.2 712196 49.63 0.999 3.197 158.65 90.00 6.2 0.47 0.[75
R2:3.4.2 24.05 0.892 2.854 68.6%
R1: Low Fe: 3.4.2| 18/2/94 44.22 0.999 3.197% 141.86 95.89 6.2 0J50 075
R2: 3.4.2 15.93 0.892 2.854 45.47
R1: Low Fe: 3.4.3| 18/3/94 55.86 0.901 2.883 161.06 130,02 6.p 0/68 1/75
R2:3.4.3 12.42 0.781 2.499 31.04

With P limitation

R1: Low Fe: 3.4.4| 3/5/96 46.31 0.939 3.005 139.15 107.81 6.2 0/56 012
R2:3.4.4 10.53 0.945 3.024 31.84

R1: Low Fe: 3.4.4| 28/5/94 41.56 0.939 3.00% 124.88 88.65 6.P 0/46 012
R2:3.4.4 11.98 0.945 3.024 36.23

R1: Low Fe: 3.4.4| 11/6/9¢ 21.34 0.939 3.001 64.12 50.15 6.2 0,26 0}2
R2:3.4.4 4.62 0.945 3.024 13.97

R1: High Fe: 3.5.1]  9/7/96 29.38 1.078 3.45( 101.85 76.40 6.2 0{40 041
R2:3.5.1 8.08 0.965 3.088 24.95

R1: Low Fe: 3.5.2| 21/8/96 30.23 1.061 3.395 102.64 70.27 6.2 0{37 016
R2:3.5.2 08/21/9 10.27 0.985 3.152 32.37

relative ratio of the biological and chemical mechanisms showed stoichiometry estimated using fractionation data showed an
little change for equivalent dosing conditions with and without P increase with time from 0.47 to 0.68 (Table 7). Again this

limitation. Confirmation of the “efficiency” of the chemical probably reflects slow equilibration of solids in the test system
mechanism can be obtained by examining the Fe:P stoichiometry toward steady-state, as borne out by the relatively poor P mass
calculated from the fractionation data. balances. Nevertheless, for Period 3.4.2 it is interesting to note
that the fractionation data P/Fe stochiometry accounted for 60
Estimation of chemical precipitate stoichiometry from to 66% of that calculated from system P removal. This is a
fractionation data similar observation to that for FeQinder equivalent acetate,

P and Fe dosing conditions (Part 4 — De Haas et al., 2000a).
Table 7 compares the additional P removal as chemical precipitate In Period 3.4.3, as previously discussed, biological P removal
with the metal dose on a molar basis, as estimated from the sludgein R2 (control) was weakened, probably due to influent
orthoP fractionation data. The results from Table 7 may be characteristics stemming from the source sewage at the time.
compared with those found on the basis of the difference in system As expected, this affected the molar ratio estimate of the
P removal between the two units (Table 3). Comparing the two sets precipitate based on system P removal (Table 3), but not that
of estimated precipitate stoichiometry (P/Fe ratio), it can be seen based on fractionation data (Table 7).
that there are discrepancies in the results for certain periods:
For the remainder of the experimental periods, the data in Table 7
e In Period 3.4.1 the P/Fe molar ratio estimated using thtghowed better agreementbetween the P/Fe stoichiometry estimated
fractionation data was much greater than that estimated frdmy the two methods. Both methods suggested that the precipitation
the system P removal (Table 7). This discrepancy probabgfficiency is lower under conditions where low effluent P
arose from a failure of the test system to reach satisfactotpncentrations occur (i.e. as the system approaches P limitation).
steady-state after the change from the previous experimentiider high effluent P conditions (ca. 20 myPthe P:Fe molar
period (Period 3.3.6 when Fg@las dosed). The poor P massratio appeared to be approximately 0.7 (based results for 18/3/96 at
balances (Table A3) and solids data (Table 8) for Period 3.4tHie end of Period 3.4.3 as being closest to steady state). For low
substantiate this. effluent P concentrations (ca. 1 mgRhe P:Fe molar ratio fell into
* In Periods 3.4.2 and 3.4.3 (at the lower Fe dose) the P/Fee range ~0.2 to 0.4, based on the fractionation results at the end
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of Period 3.4.4, as well as for Periods 3.5.1 and 3.5.2. Similar resulisreases of 9 to 27% were observed for Periods 3.4.4 through 3.5.2
were found from the system P removal data, based on the averag®w Fe dose and little or no P supplement to the feed; for Periods
results for these experimental periods (TablglBjlividual sub- 3.4.2 and 3.4.3 at the same Fe dose but with P supplement to the
periods of Period 3.4.4 showed more variation in the data based &ed, the TSS increases averaged between 19 and 36%. For Period
differencesin system P removal, which probably reflects limitatior®s4.1, with a high Fe dose and feed P supplement, a large increase
in accuracy of the vanadate-molybdate total P method at loim TSS production (61%) occurred in the test unit, relative to the
concentrations (< 1 mgB/ as used at the time. In subsequentontrol. These results must be viewed in the context of additional
experimental periods (Periods 3.6.1. and 3.6.2, Part 4 - De Hadremoval as a result of chemical precipitation, with the chemical
et al., 2000a), the more sensitive molybdate-ascorbic acid methprecipitate contributing to the inorganic suspended solids (ISS).

was used)]. From the measured mixed liqguor VSS and TSS data, the
difference in mixed liquor ISE(SS) between the two units was
Sludge production calculated in the same manner as described in Parts 3 and 4 of this

series of papers (De Haas et al., 2000a & ¢) OI8& values from
In terms of VSS production, the test (R1) and control (R2) unitsbserved data can be compared \Bit8S calculated on the basis
showed significant differences. During Period 3.4.1 (high Fe dos@f, an estimated stoichiometry and theoretical formula for chemical
VSS production was 20% greater in the test unit than the contgiecipitate formed. The results are shown in Table 8.
(Table A2). At low Fe dose (Periods 3.4.2 and 3.4.3), additional Table 8 indicates that the theoretical valueBI8SS calculated
VSS production in the test unit was not as large (12 to 15%). from stoichiometry show a fairly good agreementwith the observed
Periods 3.5.1and 3.5.2 (also atlow Fe dose, but withamuch smal¥8S. With the exception of Period 3.4.1, the recovery of estimated
BEPR component due to the low acetate feed supplement), %S was in the range 90 to 123% of the observed values. These
additional VSS production in the test unit was again relativelgesults suggest that the increase in ISS due to chemical dosing may
small (7 to 12%). be estimated reasonably accurately (to within ~100 ong/5% of
These data suggestthatiron (oriron hydroxide) forms complexdse mixed liquor TSS) using the hypothetical chemical formulae
inthe mixed liquor which involve increased adsorption/ enmeshmegitven in Table 8 and the apparent stoichiometry. In cases where low
of colloidal organic material. It appears that this adsorbed/ enmesteftiuent P concentrations limit P removal in the system, estimation
colloidal organic material is not available for biodegradation andfthe precipitation stoichiometry by atechnique such as fractionation
hence contributes to the VSS. Effectively, this would be equivaleant the mixed liquor solids described in this series of papers (De
to an increase in the inert (unbiodegradable) particulate COBaas et al., 2000 a & b) is advisable.
fraction of the influent, which contributes directly to the mixed Considering the exception (Period 3.4.1) when the agreement
liquor VSS. However, the observed differences in VSS need to between calculated and obser@8S values was poor (Table 8),
seen in their experimental context; in some cases, the differendis most likely that failure to approach steady-state in this period
may have been exaggerated, considering the following factorswas the cause of the discrepancy. Unlike the biological P removal
processes, the TSS and VSS (and hence ISS) in the systems can be
» The failure to closely reach steady-state operation of the un&gpected to take several sludge ages to reach steady state. During
during Periods 3.4.1 through 3.4.3, as borne out by the P mé&ariod 3.4.1, a high iron dose (19 mag Fe) was administered.
balances. These experimental periods were each about thfdss experimental period lasted 32 days (three sludge ages) but
sludge ages, which may not have been sufficient to allofellowed directly from the last ferric chloride dosing period (Period
steady state to be reached considering that the mixed ligu®B.6), also at a high dose (20 éag Fe). It appears that Period
solids (concentration and composition) change relatively slowh3.4.1 was too short to allow steady state to be approached. A
« The apparent weakening of BEPR performance in the contrsignificant change in mean ISS for R1 (420 4nhgihd DISS
unit during Periods 3.4.2 and 3.4.3 (particularly the latter, dapprox. +480 md) was noted when comparing Periods 3.3.6 and
previously discussed). It is well-known that BEPR results i8.4.1, possibly indicating that ferrous and ferric ions interact
increased VSS production, due to a lower death rate for polydiferently with the biomass (see comments above on VSS
accumulating organisms (Wentzel et al., 1989). By contragtyoduction). If the final TSS and VSS data set for Period 3.4.1 is
during Period 3.4.4 (with good BEPR in the control but Ptaken (data not shown) and substituted for that in Table 8, the
limited relative to the acetate dose), the difference in VS@&bserved ISS value is closer to the predicted ISS, suggesting that
production was negligible; the test system was closer to steady-state at the end of that period.
» Rather poor P mass balances for Period 3.5.1, again suggesfhimilarly, in Period 3.4.2, halving of the iron dose resulted in alarge
failure to approach steady state. The test and control systeraguction in ISS in R1 (-1040 ndg@h average) compared to Period
may not have adapted to the change in operating conditioBgt.1. Period 3.4.2 may also have been too short to closely approxi-
(feed characteristics) at exactly the same rate, which coutdate steady state in the test unit in respect of solids.
account for some of the difference in observed VSS (12%).
This difference was smaller for Period 3.5.2 (7%) after a long&ludge settleability
operational period with the same feed characteristics.
Sludge settleability during all periods of Fe€EC|, dosing was
In summary, it appears that an increase in VSS production rggtter in the test unit, compared with the control. This was noted,
exceeding approximately 5 to 10% may be expected atled@ly firstly, from visual inspection of the clarifiers. The test unit clarifier
FeCl|, dose of around 9 to 10 ndgfe (based on influent flow) and normally contained less sludge (due to improved thickening) and
a sludge age of 10 days. Higher VSS production may occur sttowed better clarity compared to the control. The settling rate
higher iron doses, but this would need to be confirmed by furth@unstirred zone settling velocity, ZSV) was measured over a one-
experimentation. month period during the transition from Fe@ FeC|-FeCl
In terms of TSS (i.e. MLSS) the test unit showed a significartosing (De Haas, 1998). The ZSV was usually slower in the test
increase in sludge production compared with the control. TSt relative to the control when Fe@las dosed, despite a lower
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DSVI (ml/g)

TABLE 8
Comparison of observed ISS and that predicted from chemical P removal for FeCl ,FeCl,
dosing periods
Fe~P~OH : hypothetical metal hydroxy-phosphate, Fe PO, OH.
Fe~P~O : hypothetical metal phosphate oxide, Fe | PO, O,
Period (Duration): Stoichiometry  |Estimate Estimated DISS Error
FeCl-FeCl, dose Observed from DISS from Observed (Estimate-
Tables 3 or 7 [Stoichiometry Stoichiometry Dbserved)
Observed Observed
mol P _ Fe~P~OH Fe~P~O mg/¢ % of MLSS
mol Fe ., inR1
Unit: P:Fe mg/ ¢ mg/¢ R1-R2 %
3.4.1 (32 d): High Fe, AE1 0.74 540 513 1082 -16%
3.4.2 (34 d): Low Fe, AE1 0.62 303 280 228 3%
3.4.3 (30 d): Low Fe, AN (1.75) * 356 395 372 1%
3.4.4 (70 d): Low Fe, AE1 0.26 ** 201 167 145 1%
3.5.1 (46 d): Low Fe, AE 1 0.41 242 211 232 -1%
3.5.2 (32 d): Low Fe, AN 0.16 308 247 218 2%
AN = Anaerobic zone; AE1 = First aerobic zone
* Inhibition of BEPR suspected in control system during Period 3.4.3.
** Stoichiometry from fractionation data in the case of Periods 3.4.4 due to P limitation on system P femoval.

R1 R2
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R? =0.9199 -
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)
90 o i_E/ 90 N
° 60
60 Py
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30 ® 0 2 -
R?=0.8031
i 0 —
0 200 400 600 800 1000 0 200 400 600 800 1000
Mass of P removed (mgP/d) Mass of P removed (mgP/d)
Figure 3

Relationship between DSVI and P removal for the test unit dosed with ferrous-ferric chloride (Fig. 3a) and the control unit (Fig. 3b).
Data point with white symbol for Period 3.4.4 (R1) excluded from regression in Fig. 3a (refer to text)

DSVlinthe test unit. After the change to FgEeCL, similar ZSV  whitish clumps of organic matter clogging pipes in the system.
values were observed in the test and control systems and the D®%empts (only partially successful) were made to remove this
data (Table A2) indicated that settleability (or compactability) washaterial from the unit by means of sieving. Microscopic inspection
generally better in R1 (test), compared with R2 (contfthe only  revealed the problem appeared to be caused by excessive growth
exception was a period in May 1996 (Period 3.4.4) when the DS¥ the protozoan Vorticella which produces a distinctive “stalk”.

in R1 underwent a sudden and transient increase, as opposed toThés organism tends to grow in clumps (or “rosettes”). In large
inverse in R2. During this period, imbalances in the microbiahumbers, the stalks tended to get entwined to form dense lumps
population may have occurred due to the high influent acetatehich attached to the walls of the reactors and tubing in the pilot
concentration in relation to the low P concentration. Repeateplants].

problems were experienced with the units (particularly R1) with Figs. 3a and 3b indicate that there is a fairly strong correlation
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between the mean daily mass of P removal and mean DSVI for the and Lester, 1979; He et al., 1996), which could explain the
FeCl-FeCl, experimental periods. This applied to both units. Inthe  occurrence of minor fractions of alkaline-extractable orthoP
case of the test unit (R1), the data for Period 3.4.4 was excluded frequently found in this study.

from the regression in view of certain operational problems durirg
this period. It is noteworthy that the slope and y-intercept of the
regression line for the test unit with iron dosing (Fig. 3a) are lower

than those of the control unit (Fig. 3b). From these data, it may be
concluded that phosphate accumulation in the mixed liquor solids

plays an important role in determining sludge DSVI. Iron dosing
itself should produce an improvement in settleability, by virtue of
the density of the iron complexed with the biomass. However, this
improvement will not be as marked where the effluent residual

phosphate concentrations are already fairly low (due to an active

biological P removal mechanism) and iron addition can only bring.

about a small further increment in phosphate accumulated by the

mixed liquor solids.

Conclusions

1. Inthe absence of phosphate limitation, negative interference in

the biological P removal mechanism as a result of Fe£ill,
dosing is detectable, but not severe. Using pilot plants in which

the effluent phosphate concentrations always exceeded

approximately 10 mgB/it was found that:

¢ A net improvement in P removal was virtually always
found in response to FeEeCl addition. Neglecting one
experimental period when BEPR in the control unitappeared

to be depressed due to extraneous factors, the additional

system P removal averaged approximately 0.75 mol P

per mol Fe, ., However, variance in the data reducedbs.
confidence in these results.

« Partial “inhibition” of the biological P removal mechanism

as a result of FeCFeCl addition was found from

fractionation studies and P release in the anaerobic zone of

the test unit. However, in the absence of P limitation at the
iron doses tested in this study, the biological mechanism
was never inhibited by more than about ~20% on average,
relative to the control.
In the presence of phosphate limitation (ie. low effluent P
concentrations), “inhibition” or depression of the biological
mechanism was slightly greater (18 to 25% from fractionation
data). The P:Fe stoichiometry for chemical precipitate estimated
from fractionation data was approximately 25 to 33% lower
under P limiting conditions, compared with non-P-limiting
conditions. It was concluded that the biological and chemical
P removal mechanisms are “disadvantaged” to approximately
the same degree under P-limiting conditions at the low iron
dose studied here. However, the chemical precipitation
mechanism does limit the extent to which the biological excess
P removal (BEPRpotentialcan be utilised by removing part
of the soluble phosphate fed to the system.
Although the main interaction between the biological and

The partial loss of BEPR potential in the presence of
simultaneous addition chemical phosphate precipitants is
expected to be most significant in plants operated at low
(limiting) effluent P concentrations. Tertiary precipitation may
be better in such plants. Considering that only minor inhibition
of the BEPR mechanism was measured under conditions in
which effluent P was not limiting (>1 mdJp/a sustained
benefit from simultaneous metal dosing in modified activated
sludge systems can nevertheless be achieved where very low
effluent soluble P concentrations (say <1 MgiPé not required.
Sludge production was greater in the test unit, with Fregtl,
dosing. Minor increases in VSS production (ca. 7 to 15%) were
noted, although confidence in the results was limited by the
relatively short experimental periods. Considering the relatively
low iron doses applied during this study, it may be tentatively
concluded thatiron (or iron hydroxide) significantly affects the
coagulation of organic material with activated sludge and its
biodegradation. Increases in observed TSS were significant, as
expected, due to the additional ISS contributed by chemical
precipitate. The observed increase in ISS could be estimated (to
within ~100 mg¢in the test unit) on the basis of a hypothetical
general formula for the precipitate and the estimated
stoichiometry. The stoichiometry could be determined from
differences in system P removal between the test and control
unit (where P was not limiting) or from fractionation data
(where P was limiting).

Using the observed alkalinity changes and fractionation data an
estimate of the average formula for precipitatiwithout P
limitation was in the approximate range:

Fe ,,(X*) PQ, (OH), to Fg (X**) PO, (OH),

where X* is some unknown (possibly divalent) cation (e.g.
Mg?* or C&*) (Arvin, 1985). This is similar to the average
formula found in Part 3 for alum (De Haas, 2000c) and
corresponds reasonably well with the following general formula
used by Luedecke et al. (1989) and Briggs (1996):

FerPOA (OH)(3r-3)

The latter predicts less alkalinity loss per mol Fe. Nevertheless,
Luedecke et al. (1989) reported values for r in the range
approximately 1 to 2 mol Fe/mol P for residual phosphate
concentrations of approx. 1 to 5 mgRhich are consistent
with the stoichiometry observed in this study for non P-limiting
conditions.

The average formula for ferric hydroxy-phosphate formed
under partially P limiting conditionsvas found to lie in the
following approximate range:

chemical P removal mechanisms appears to be competition for
available phosphate, interaction between the two mechanisms
in other ways cannot be ruled out. For example, some evidence
was found from batch P release tests that a minor fraction Atknowledgements

phosphate can “migrate” between biological storage and

chemical adsorption/precipitation in the mixed liquor solidsThis work was conducted while the principal author was employed
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TABLE Al
Alkalinity and pH data for periods of ferrous-ferric chloride dosing
Period Unit: R1 R2 R1 R2 R1 R2 R1 R2
H,CO* | H,CO*
Alk. Alk.
mg/¢ mg/¢
as CaCO,| as CaCO,
Zone: AN AN AE1 AE1 AE2 AE2 Effluent  |Effluent
34.1 MEDIAN 7.16 7.00 7.35 7.34 7.55 7.64 258 277
MIN. 6.93 6.93 7.11 7.15 7.33 7.46 230 232
25%-ILE 7.11 6.97 7.28 7.25 7.49 7.57 - -
75%-ILE 7.22 7.07 7.38 7.41 7.59 7.67 - -
MAX. 7.30 7.21 7.65 7.46 7.99 7.78 290 315
3.4.2 MEDIAN 7.09 7.09 7.37 7.34 7.59 7.61 274| 28T
MIN. 6.86 6.85 7.13 7.25 7.20 7.48 245 248
25%-ILE 7.02 7.02 7.30 7.29 7.54 7.54 - -
75%-ILE 7.18 7.14 7.43 7.39 7.63 7.7( - -
MAX. 7.37 7.30 7.65 7.73 7.80 8.09 316 314
3.4.3 MEDIAN 7.05 7.01 7.44 7.33 7.68 7.62 271 279
MIN. 7.01 6.94 7.21 7.23 7.40 7.46 250 257
25%-ILE 7.02 6.98 7.39 7.31 7.62 7.59 - -
75%-ILE 7.07 7.03 7.48 7.37 7.73 7.68 - -
MAX. 7.16 7.18 7.82 7.73 8.16 8.15 284 290
3.4.4 MEDIAN 7.26 7.23 7.52 7.54 7.71 7.7¢ 229| 25¥%
MIN. 7.00 6.92 7.15 7.17 7.33 7.38 208 229
25%-ILE 7.21 7.16 7.42 7.47 7.60 7.64 - -
75%-ILE 7.35 7.29 7.57 7.61 7.78 7.8" - -
MAX. 7.48 7.43 7.71 7.77 7.93 8.00 261 281
3.5.1 MEDIAN 7.50 7.53 7.21 7.26 7.32 7.37 r09| 125
MIN. 7.27 7.29 7.09 7.11 7.21 7.27 82 102
25%-ILE 7.45 7.44 7.14 7.18 7.27 7.34 - -
75%-ILE 7.56 7.59 7.33 7.34 7.47 7.52 - -
MAX. 7.67 7.72 7.55 7.59 7.81 7.90 148 153
352 MEDIAN 7.31 7.36 7.22 7.30 7.37 7.48 20| 147
MIN. 7.17 7.15 7.11 7.16 7.23 7.26 96 121
25%-ILE 7.23 7.24 7.19 7.27 7.31 7.41 - -
75%-ILE 7.37 7.40 7.31 7.34 7.43 7.48 - -
MAX. 7.44 7.52 7.38 7.39 7.54 7.58 142 163
# denotes mean in place of median.
AN = Anaerobic zone; AE1 / AE2 = First / second aerobic zone respectively.
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TABLE A2
Measured pilot plant results for periods of dosing ferrous-ferric chloride blend
Results are averages with sample standard deviations in parentheses. N.D. = Not determined. Refer to Nomenclature for definitio n of symbols.
The double horizontal line between experimental periods indicates a change in influent characteristics (refer to Table 1).
Period S, S, N, N, N, No,, P, P, P.. | PIVSS| TSS | VSS % psvi| fP, Py | Pu | Pus
Unit mgO/ ¢ | mgO/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgP/¢ | mgP/¢ | mgP/t | mgP mg/ ¢ mg/¢ VSS mt/g mgP/¢ | mgP/t | mgP/t | mgP/{
IgVSSs
3.4.1 237 14 154 2.29 1.5 3.32  43.%7 18.p0 2557 254.8 3475 1361 39.2 33 69.80 |34.83 | 24.10 | 18.01
R1 (53) (6) (4.8) | (0.55) (1.47) (0.86) (2.74) (3.54) (4.45) (134.1) (747) (329) (4.5 13)  (11.23) (6.17) (3.51) (2.70)
3.4.1 237 16 154 2.14 1.12 278  43%7 2580 17|77 248.83 2167 1135 52.1 76 78.77 |45.83 | 33.55 | 26.83
R2 (53) (8) (4.8)| (0.38) (1.13) (0.79) (2.74) (3.58) (4.39) (132.4) (598) (349) (%.5) 23) (47.75) (B.80) (4.85) (4.52)
3.4.2 284 15 18.0 2.17 0.75 466 4422 23B7 2081 34p.25 2070 999 48.5 48 82.30 |42.44 | 30.52 | 22.64
R1 (59) (5) (5.0)| (0.58) (0.57] (2.19) (2.99) (3.59) (4.26) (9903) (260) (1B3) (6.2) 9 (1p.37) (p.42) (3.70) (3.54)
3.4.2 284 15 18.0 2.17 1.29 3.96 4422 27p2 17|00 297.28 1735 892 51.5 83 88.46 |45.50 | 33.98 | 25.82
R2 (59) 4) (5.0) | (0.60) (3.14) (1.98) (2.99) (5.3p) (4.13) (49)33) (188) (15) (3.6) 18) (12.45) (B.55) (6.03) (5.10)
3.4.3 264 16 15.6 2.95 0.52 5.09 4290 2241 2048 33R.76 1855 901 48.6 55 80.46 |41.93 | 29.82 | 22.63
R1 (69) 2 (3.5)| (1.80) (0.11) (0.85) (2.98) (3.32) (3.89) (34{72) (117) (%4) (2.2) B (1p.17) (b.36) (4.14) (4.09)
3.4.3 264 17 15.6 2.83 0.55 3.8y 4290 3119 11168 254.32 1363 781 57.4 138 82.01 |47.93 | 39.24 | 31.33
R2 (69) 2) (3.5 | (1.75) (0.16) (1.00) (2.98) (3.09) (3.10) (87{36) (91) (43) (2.8) 13) (1p.41) (p.56) (4.14) (4.28)
3.4.4 323 26 26.6 2.28 0.36 6.46 16.58 093 15|58 17p.32 1642 939 57.2 92 49.67 |16.68 | 4.96 0.77
R1 (71) (31) (5.9)| (0.71) (0.67) (1.68) (3.00) (0.68) (2.85) (33/20) (214) (139) (B.2) (29) (10.99) (3.56) (2.83) (0.65)
344 323 19 26.6 2.27 0.21 6.55 16.%8 2.07 14|44 168.66 1p03 045 63.0 118 63.22 |20.34 | 8.40 4.17
R2 (71) 4 (5.9)| (0.57) (0.25) (1.759) (3.00) (1.66) (2.86) (20p0) (184) (108) (3.3) 24) (23.05) (4.36) (3.87) (4.32)
351 278 19 34.1 2.33 0.21 10581 991 3.87 6.p4 74.06 1627 1078 66.2 88 13.76 | 6.59 5.19 4.76
R1 (66) 3 (5.2) | (0.65)] (0.16]) (4.03) (2.41) (2.06) (2.40) (19p1) (2290 (1pB7) (2.9 (5) (9.45) (L.99) (1.63) (R.27)
351 278 19 34.1 2.28 0.26 9.89 9.91 6.06 3.85 6290 1282 D65 V5.7 161 15.34 |8.60 7.66 6.66
R2 (66) 3) (5.2) | (0.54)] (0.28] (3.55) (2.41) (257) (2.96) (2582) (197) (103) (4.1) 20)  (9.73) (r.10) (1.70) (2.05)
3.5.2 341 20 35.7 3.74 0.25 8.86 10.T7 2.8 8.15 6897 1b81 1061 67.1 76 12.77 | 6.39 3.84 2.88
R1 (59) 2 (5.6) | (1.71)] (0.08] (3.09) (1.96) (1.46) (1.79) (7.54) (106) (70) (1.5) (4) (410) (1.94) (L.60) (1.52)
3.5.2 341 23 35.7 3.42 0.23 8.64 10.T7 3.5 6.9 6179 1p87 D85 76.7 125 17.20 | 9.06 6.06 4.29
R2 (59) 2 (5.6) | (1.51)] (0.07] (3.03) (1.96) (2.21) (2.24) (10;38) (127) (84) (2.5) 15) (4.76) (R.56) (2.48) (R.47)
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indicate estimates where spurious actual average values were recorded. The double horizontal line between experimental periods
influent characteristics (refer to Table 1)

TABLE A3
Mass balances for periods of dosing ferrous-ferric chloride blend.Results are averages with sample standard deviations in paren

theses. Underlined results
indicates a change in

Period Flow VSS No .. No,, No, ., N, No, N, % Ot S, S, % e Mixed %
Unit Q, Ud mg/¢ mgN/¢ | mgN/¢ | mgN/¢e | mgN/¢e | mgN/¢e | mgN/e N mgO/th | mgO/¢ | mgO/t CcoD mgP/¢ | liquorTP | P
Bal. Bal. mgP/ ¢ Bal.
3.4.1 36.0 1361 0.08 1.97 3.29 2.29 3.32 15.4 7.88 237 14 108 25.57 296.1 89
R1 (329) (0.05)| (0.61)| (0.92) (0.55 (0.86) 19.3 109 (1.97) (53) (6) (4.45) (99.8
3.4.1 35.8 1135 0.07 1.39 2.68 2.14 2.78 15.4 8.58 237 16 98 17.77 241.8 125
R2 (349) (0.02)] (0.67)| (0.93) (0.38 (0.79) 19.3 98 (2.46) (53) (8) (4.39)| (83.6)
3.4.2 35.6 999 0.06 2.68 4.96 2.17 4.66 18.4G 9.27 284 15 99 20.81 331.3 150
R1 (163) | (0.08)] (1.08)| (1.82) (0.58 (2.19) 225 99 (1.95) (59) (5) (4.26)| (73.9)
3.4.2 35.4 892 0.08 2.40 4.42 2.17 3.9¢ 18.Q 10.44 284 15 97 17.00| 263.8| 155
R2 (75) (0.17) (1.08) (1.78) (0.60) (1.98) 22.5 88 (2.46) (59) (4) (4.73)] (39.9)
3.4.3 36.7 901 0.07 2.96 5.18 2.95 5.09 15.4 9.02 264 16 104 20.48 299.5 142
R1 (54) (0.02)| (0.52)| (0.94) (1.80) (0.85) 19.5 112 (1.00) (69) ) (3.89)| (34.4)
3.4.3 35.6 781 0.10 2.46 3.64 2.83 3.87 15.4 10.65 264 17 99 11.68 198.0 196
R2 (43) (0.06)| (0.90)| (1.07)| (1.75) (1.00) 19.5 82 (1.05) (69) ) (3.70)| (66.4)
3.4.4 36.2 939 0.08 3.15 6.32 2.28 6.4¢ 26.6 100 13.35 323 26 97 15.56 166.5 102
R1 (139) (0.02)| (1.13)] (1.68) (0.71 (1.66) (5.9) (2.69 (71 (31) (2.82) (30.7)
3.4.4 36.3 945 0.07 3.72 6.45 2.27 6.55 26.6 92 11.64 323 19 110 14.31 153.9 100
R2 (108) (0.02) (1.15) (1.56) (0.57 (1.75 (5.9) (2.45 (71 (4 (2.96) (21.9)
351 36.0 1063 0.57 6.85 10.74 2.33 10.51 34. 89 11.91 278 19 108 6.04 83.2 101
R1 (152) (0.92)| (3.00)| (4.04) (0.65 (3.93 (5.2) (1.60 (67 3 (2.40) (26.6)
3.5.1 36.0 965 0.64 6.79 10.56 2.28 9.89 34.1 82 11.98 278 20 101 3.85 63.8 128
R2 (98) (0.87) (2.60) (4.09) (0.54) (3.49 (5.2) (1.64 (67, 3 (2.66)  (24i5)
3.5.2 36.4 1061 0.08 3.93 8.26 3.74 8.86 357 99 13.73 341 21 98 8.15 73.3 80
R1 (70) (0.05) (2.25) (3.63) (1.71) (3.09 (5.6) .27 (59 2 (1.y9) (10i6)
35.2 36.3 985 0.08 4.07 8.06 3.42 8.64 357 95 13.05 341 23 108 6.99 61.1 93
R2 (84) (0.03)| (2.30)| (3.14)| (1.51) (3.03 (5.6) (0.97 (59 2 (2.24) (129)
Mean 95 Mean 103 Mean 121
S.D. 10 S.D. 6 S.D. 34




TABLE A4
Effluent soluble orthophosphate
concentrations for
ferrous-ferric chloride dosing periods.
Results are averages with sample standard
deviations in parentheses
Period PO, R1 PO,.. R2
Unit mgP/ ¢ mgP/{
341 16.57 23.12
(3.08) (5.07)
3.4.2 22.69 25.61
(4.92) (5.61)
343 21.25 29.55
(3.45) (3.07)
344 1.14 2.10
(1.12) (2.04)
351 3.07 5.15
(2.09) (2.70)
3.5.2 1.29 2.31
(1.14) (2.00)
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