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a b s t r a c t

Iron-base coagulants are widely used for the phosphorous removal from wastewaters. Coagulants may
be applied on the secondary treatment (simultaneous precipitation); however, coagulant excess may
alter the biological process. The objectives of this work were: (a) to study in a laboratory-scale activated
sludge reactor, fed with a model wastewater system from the dairy industry, the feasibility of phos-
phorous removal by applying simultaneous precipitation using ferric chloride; (b) to assess the effect
of different Fe:P (molar ratio) dose ranges: high = 1.9–2.3:1, mean = 1.5–1.9:1 and low = 1.0–1.4:1 on the
reactor performance by measuring physical–chemical parameters (pH, COD, TSS, Fe, P), settling proper-
ties (DSVI, diluted sludge volume index) and abundance of filamentous microorganisms by microscopic
observation; (c) to evaluate the effect of the coagulant on activated sludge microfauna (abundance and
morphological–functional groups); (d) to assess the usefulness of these parameters as control tools. A
high Fe:P ratio acted as shock load improving the soluble phosphorous and COD removal. Sludge set-
tling properties were rapidly improved due to both a successful control of filamentous bulking and an

increase in the flocs density. Prolonged application of high Fe(III) doses negatively affected the reactor
performance; a Fe:P ratio = 1.5–1.9:1 achieved an acceptable effluent quality. Changes in the density of
Chilodonella sp., Opercularia sp., Vorticella microstoma, Vorticella spp., Colpoda sp. and rotifers were ana-
lyzed as a function of the progressive enrichment of Fe(III) in the sludge. Crawling ciliates constituted
the most sensitive group to changes in the activated sludge reactor environmental quality, becoming a

ator o
potential biological indic

. Introduction

Municipal and industrial wastewaters containing high concen-
rations of phosphorous (P) should be treated before discharging
o receiving water bodies. Phosphorous from wastewater can be
resent as orthophosphate (PO4

3−), inorganic condensed phos-
hates and organophosphates [1]. The US discharge limit for
hosphate is 0.5–1.0 mg P/L; according to Argentinean standards,
he discharge limit for phosphate ranges from 1.0 to 10 mg P/L,

epending on the wastewater receiving location. The use of coagu-

ants is a very common practice for the removal of phosphorous
rom wastewaters. Iron-base coagulants, as ferric chloride, are
idely used for that purpose.

∗ Corresponding author. Tel.: +54 221 4254853.
E-mail addresses: carolinadegre@hotmail.com (C. De Gregorio),

lejandrocaravelli@hotmail.com (A.H. Caravelli), zaritzky@ing.unlp.edu.ar
N.E. Zaritzky).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.10.004
f Fe(III) overload.
© 2010 Elsevier B.V. All rights reserved.

Coagulant addition may be applied on the primary settler
(known as pre-precipitation), on the aeration basin (simultane-
ous precipitation or co-precipitation), or on the tertiary treatment
(post-precipitation) [2]. Pre-precipitation offers the benefits of
reducing 50–70% the organic loading of the biological treatment;
however, the main problem is the marked increase in the sludge
production. In addition, a significant proportion of phosphorous
may be present as organic compounds and hence may not be
removed [3]. This problem is avoided in the simultaneous pre-
cipitation, because polyphosphates and organic phosphates are
hydrolyzed to orthophosphate in the aeration tank of the activated
sludge system. However, the excess of coagulants may be dele-
terious to the biological process [4]. In the post-precipitation, an
additional settling tank is necessary, increasing both investment

and operative costs [3].

The process of phosphate removal by Fe(III) basically involves
the precipitation of both ferric phosphate and ferric hydroxide and
phosphate adsorption on ferric hydroxide flocs [5]. Previous stud-
ies also postulate that formed ferric hydroxide lead to phosphate

dx.doi.org/10.1016/j.cej.2010.10.004
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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emoval through anion exchange effect between hydroxide and
hosphate ions [6]. According to these authors, if this hypothesis is
alid, ferric hydroxide may be expected to accumulate in the mixed
iquor producing a so-called “persistence effect”. Arising from this
ffect, the mixed liquor has a residual chemical P removal potential
fter metal dosing is stopped.

Most simultaneous precipitation studies were conducted in acti-
ated sludge systems under P load usually ranging between 3.0
nd 15 mg/L [5,7,8]. Fe:P doses higher than 1.5:1 (molar ratio) can
chieve orthophosphate removals between 95 and 99% [9–11]. The
ffect of metal coagulants on systems operated with relatively high
oncentrations of P (e.g. dairy effluents treatment plants) has not
een sufficiently analyzed.

In activated sludge reactors operated with simultaneous precip-
tation of P, the effect of metal salts on the process performance and
nal effluent quality is commonly assessed by physical–chemical
arameters such as biochemical oxygen demand (BOD5), chemical
xygen demand (COD), dissolved organic carbon (DOC), ammo-
ium (NH4), suspended solids (SS) and turbidity [4,8,12].

It should be noted that the physical–chemical parameters reveal
nstantaneous conditions, without reflecting the toxic effect of
he coagulant on the biological system. A periodic analysis of the

icrofauna would allow monitoring the progressive effect of the
oagulant and thus to detect a possible overload on the system.

Routine analysis of the microfauna allows monitoring the pro-
ess performance of activated sludge and the final effluent quality
13]. Overall, an efficient process shows microfauna with large
umbers of organisms (≥106/L), composed mainly of crawling
iliates and attached ciliates well diversified, where no group domi-
ates numerically over the others by a factor greater than 10 [14]. It
hould be noted that these observations have not been sufficiently
ddressed in systems with simultaneous precipitation of P.

Few studies have evaluated the usefulness of biological param-
ters for monitoring the P simultaneous precipitation process by
etal salts. Wuhrmann [15] reported that ferric chloride caused a

irtual disappearance of protozoa in activated sludge. Clark et al.
8] compared the effect of ferric chloride and ferrous sulfate on
he biomass of activated sludge using a diversity index based on
he abundance of microfauna organisms. Similarly, Burgess et al.
16] compared the effect of aluminum sulfate and an aluminum-
ased polyelectrolyte on the organism diversity of an activated
ludge system. However, in these studies the diversity index was
ot applied to monitor changes in the process performance of acti-
ated sludge.

The effect of metal salts on high P load systems (e.g. dairy efflu-
nts treatment plants) should be studied through the combined
nalysis of physical–chemical and biological parameters. In this
ontext, it is very interesting to evaluate the usefulness of indi-
ator organisms of metal pollution for monitoring the dosage of
oagulants.

The objectives of the present study were: (a) to study in
laboratory-scale activated sludge reactor, fed with a model
astewater system from the dairy industry, the feasibility of phos-
horous removal by applying simultaneous precipitation using
erric chloride, (b) to assess the effect of different Fe:P (molar ratio)
ose ranges: high = 1.9–2.3:1, mean = 1.5–1.9:1 and low = 1.0–1.4:1
n the phosphorous removal, (c) to analyze the effect of the differ-
nt Fe:P dose ranges on the process performance of activated sludge
y measuring different physical–chemical parameters, (d) to evalu-
te the effect of the coagulant on the activated sludge microfauna by
bundance analysis and monitoring of morphological–functional

roups, (e) to relate the microfauna abundance and compo-
ition to process performance, (f) to assess the usefulness
f the mentioned biological parameters as control tools of
ystems with phosphate simultaneous precipitation by ferric
hloride.
ring Journal 165 (2010) 607–616

2. Materials and methods

2.1. Activated sludge reactor and operating conditions

The study was conducted on an aerobic laboratory-scale acti-
vated sludge reactor consisting of a 2.8 l aeration basin coupled
with a clarifier (1 l) and partial biomass recycle. The complete mix
reactor was operated in a continuous-flow mode. The hydraulic
residence time (HRT) was 29 h. High HRTs are characteristic of
extended-aeration activated sludge systems, which are commonly
applied for effluent treatment that contains high concentration of
BOD, COD or slowly biodegradable compounds [17–19]. The sludge
age was maintained at 21 days by daily wasting mixed liquor
directly from the reactor. Aeration and mixing were supplied by
aerators; air was introduced through porous diffusers at the bot-
tom of the aeration basin. Dissolved oxygen (DO) concentration
was above 2 mg/L. The reactor was fed with a model wastewater of
a dairy industry (inlet stream) that was prepared twice a week;
its composition was: cheese whey, 1.5 g/L as COD; (NH4)2SO4,
0.94 g/L (7.12 mM); KH2PO4, 0.071 g/L (0.52 mM); Na2HPO4·7H2O,
0.213 g/L (0.80 mM); NaHCO3, 1.0 g/L (12 mM); resulting nitrogen
as ammonia (NH3-N), 199.0 mg N/L; phosphorous as orthophos-
phate (PO4

3−-P), 40.0 mg P/L and total P, 45.5 mg P/L [11]. pH of the
wastewater was adjusted to 7.0. The wastewater was periodically
monitored; COD, ammonia and orthophosphate concentrations did
not significantly change through the study demonstrating that
there was not fermentative activity during the storage of the influ-
ent wastewater.

The reactor was operated during more than 6 months. Firstly the
system was run without addition of FeCl3 (control period = 0–90
days), being the organic load or food–microorganism ratio (F/M)
relatively high (0.65–0.75 kg COD/(kg VSS day)) to promote the
growth of filamentous microorganisms. Then, ferric chloride was
continuously added to the aeration basin for about 110 days using
a peristaltic pump; for this, a stock solution of ferric trichlo-
ride hexahydrate, FeCl3·6H2O (2.02 g Fe/L, 36.17 mM), was used.
Three periods of reactor operation with different doses of Fe(III),
expressed on the basis of the molar ratio Fe:P, were set. A first
period with high Fe:P ratio = 1.9–2.3:1 (91–156 days) was set in
order to assess the effect of a shock load of Fe(III) on both fila-
mentous microorganisms and phosphate removal. A second period
with low Fe:P ratio = 1.0–1.4:1 (157–177 days) was established. At
this period, the feasibility to operate the reactor with considerably
lower doses than those recommended in literature, maintaining an
acceptable removal of P, was evaluated. In this way, it would be
possible to determine if either phosphate adsorption process on
ferric hydroxide or anion exchange between hydroxide and phos-
phate ions allows compensating for the insufficient addition of
Fe(III). It must be pointed out that in the previous period, the high
Fe(III) dose and a relatively long cellular residence time (�C) would
enhance ferric hydroxide accumulation. Finally, a last phase with
Fe:P ratio = 1.5–1.9:1 (178–196 days), in order to determine optimal
Fe(III) doses, was tested.

2.2. Chemical analysis

The activated sludge reactor was monitored on a regular basis
(1–2 times per week). Different physical–chemical parameters
were determined: pH, total suspended solids (TSS), volatile sus-
pended solids (VSS) and fixed suspended solids (FSS) in the aeration
basin; COD, TSS, PO4

3−-P, total P, NH3-N, total Fe and total soluble

Fe were determined in the final effluent.

The samples from final effluent were processed in order to
determine orthophosphate, ammonia nitrogen and total soluble
Fe. A volume of 35 mL was centrifuged for 10 min at 13,000 rpm
(Eppendorf centrifuge model 5415C); then, the supernatant was
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ltered through 0.45 �m cellulose acetate membranes (GE Osmon-
cs).

Orthophosphate, total P, ammonia nitrogen, total Fe and total
oluble Fe were determined by colorimetric methods using com-
ercial reagents (Hach Company, Loveland, CO). Orthophosphate

oncentration in the filtrate was determined after reacting with
anadate–molybdate reagent in acid medium (Hach Method No.
114, adapted from Standard Methods). Total P was converted to
rthophosphate by digestion with sulfuric acid and potassium per-
ulfate (Hach Method No. 8190, adapted from Standard Methods);
hen, the method for orthophosphate determination was applied.
mmonia nitrogen in the filtrate was measured by the Nessler
ethod (Hach Method No. 8038) and expressed as N (NH3-N). Total

oluble Fe concentration in the filtrate and total Fe concentration
ere determined by Hach Method No. 8008 (adapted from Stan-
ard Methods). Particulate P (PPartic > 0.45 �m) was determined
rom the difference between total P and soluble P concentrations.
imilarly, particulate Fe (FePartic > 0.45 �m) corresponded to the dif-
erence between total Fe and total soluble Fe concentrations.

The sedimentation properties of the activated sludge were
etermined using the diluted sludge volume index (DSVI). The stan-
ard SVI test (sludge volume index) could not be used because the
alues of this index may be affected by re-flocculation and wall
ffects that hinder compaction of the sludge under high biomass
oncentrations conditions. The DSVI test is based on a series of
wofold dilutions of the activated sludge sample, which eliminates
he dependence of the index on biomass concentration. This index
as been used in the case of filamentous bulking showing good cor-
elation with the level of filamentous organisms in activated sludge
20].

.3. Abundance of filamentous microorganisms

The subjective scoring system proposed by Jenkins et al. [20]
s a rapid and simple microscopic counting technique; the abun-
ance of filamentous microorganisms is classified according to a
cale from none to excessive.

The method named total filament extended length (TEFL) is
well-known counting technique for measuring the total length

f filaments that exhibits a very close correlation with various
easures of activated sludge settling (SVI, SSVI and DSVI); how-

ver, Jenkins et al. [20] postulated that filament counting per se of
ctivated sludge is not an efficient process control procedure. In
ddition, these authors argue that DSVI and filament counting give
he same information, and recommend running a DSVI because it
s far easier than to count filaments.

Therefore, in the present work, the subjective scoring system
roposed by Jenkins et al. [20] and DSVI determinations were per-
ormed simultaneously to analyze the abundance of filamentous

icroorganisms.

.4. Microfauna analysis

Samples of activated sludge mixed liquor were taken for micro-
copic analysis from the aeration basin on a regular basis (1–2 times
er week). Protozoa and metazoa were quantified and identified
sing a light microscope Leica DMLB (Germany) fitted with a pho-
ographic camera [14,16,21]. Two sub-samples of 25 �l of the mixed
iquor sample were taken with 200 �l automatic micropipette
o be analyzed immediately under bright-field illumination [21].

icrofauna and ciliated protozoa densities were estimated under

00×–400× magnifications and expressed as number of organ-

sms per liter of mixed liquor (No./L). Average densities of the 2
ub-samples taken at the same time were reported.

The organisms were classified into the following
orphological–functional groups: swimming ciliates, attached
ring Journal 165 (2010) 607–616 609

ciliates, crawling ciliates, testate amoebae, nematodes and rotifers
[14,22]. Ciliated protozoa were identified at the generic level.
Whenever needed, photographs were taken for further analysis.
Identification of protozoa was based on morphology [23,24].

The microfauna community was studied by analyzing the rel-
ative abundance of the different morphological–functional groups
already described.

3. Results and discussion

3.1. Effect of different Fe:P ratios on the performance of the
activated sludge reactor

3.1.1. Removal of PO4
3− and total P

The laboratory-scale activated sludge reactor was operated
under the following conditions: temperature = 17–21 ◦C, dis-
solved oxygen concentration in the aeration basin = 2–4 mg/L and
hydraulic residence time (�H) = 29 h. A �C = 21 days was set in the
experimental design; however, during the period without FeCl3
addition, �C was often lower due to loss of solids from the clarifier
by incidence of filamentous bulking. This problem was very severe
during the period 70–82 days, resulting an estimated �C = 10 days.

The activated sludge reactor was fed with a P-rich influent
(45.5 mg/L), typical of a dairy effluent; the treatment system was
not designed for enhanced biological removal of nutrients. For these
reasons, the final effluent showed soluble P and total P concentra-
tions relatively high (>30 mg/L) during the period without chemical
treatment (0–90 days, Fig. 1a).

During the control period (without ferric chloride addition), P in
the final effluent was mainly in the form of soluble P (as orthophos-
phate), which accounted for 74–100% of total P. The remaining
fraction of total P corresponded to a particulate form from organic
source.

Since day 91, ferric chloride was continuously added to the
aeration basin of the reactor in order to remove the high P con-
centrations from the wastewater.

The P removal process is complex and poorly known; for the
case of salts of Fe(III) probably involves the following mech-
anisms: precipitation of ferric phosphate, ferric hydroxide and
oxo-hydroxo-ferric-phosphate complexes, phosphate adsorption
on ferric hydroxide, and coagulation and flocculation phenomena
[5]. Phosphate removal through anion exchange between hydrox-
ide and phosphate ions cannot be discarded [6].

In the present study, high Fe(III) doses (Fe:P ratio = 1.9–2.3:1,
91–156 days) achieved a rapid removal of orthophosphate. After 5
days of addition of Fe(III), orthophosphate removal higher than 98%
was achieved, resulting residual concentrations lesser than 1.0 mg
P/L. An average total P removal of 90% was achieved, resulting efflu-
ent concentrations ranging between 1.7 and 9.4 mg/L (Fig. 1a).

During the period with low Fe(III) doses (Fe:P ratio = 1.0–1.4:1,
157–177 days), the soluble P concentration increased rapidly up to
6.5 mg/L, thus high total P concentrations were registered (Fig. 1a).
The relatively high values of soluble P indicated insufficient Fe(III)
dose; these results allowed us also to infer that phosphate adsorp-
tion on accumulated ferric hydroxide and anion exchange between
hydroxide and phosphate ions did not take place or did not have a
significant effect that could compensate the applied low coagulant
doses.

Because the Fe:P ratio = 1.9–2.3:1 was excessive and
Fe:P ratio = 1.0–1.4:1 was insufficient, an intermediate Fe:P

ratio = 1.5–1.9:1 was tested. These last doses caused a significant
decrease in the P concentration of the final effluent, resulting
values of 1.2 ± 0.2 mg P/L and 2.3 ± 0.4 mg P/L for soluble P and
total P, respectively (Fig. 1a). The Fe:P ratio = 1.5–1.9:1 allows to
comply with discharge limits for total P to either sewer system
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ig. 1. Soluble phosphorus (PO4
3−), total phosphorus (total P), total soluble Fe (FeTS)

nd particulate Fe (FePartic) of the final effluent and pH of aeration basin as a function
f the operation time of the activated sludge reactor. (a) (�) PO4

3− (mg/L); (�) Total
(mg/L), (b) (�) pH and (c) (�) FeTS (mg/L); (�) FePartic (mg/L).

r soils (≤10 mg P/L) for the Province of Buenos Aires – Argentine
25].

The exposed results allow us state that the soluble phosphorus
emoval depended on the applied Fe(III) dose, and the accumulation
f precipitates containing P and Fe into sludge mass did not affect
he process efficiency.

.1.2. Removal of particulate phosphorus
Particulate P (PPartic > 0.45 �m) in the final effluent was calcu-

ated as the difference between total P and soluble P concentrations.

uring the period without ferric chloride addition, the particulate
concentration was 3.5 ± 3.5 mg/L, and was represented mainly

y organic P. During the period with a high Fe:P ratio, the PPartic
oncentration ranged between 7.1 and 8.9 mg/L (95–104 days).
ater, lower concentrations were measured (2.3 ± 1.5 mg/L). During
Fig. 2. Total suspended solids (TSS) of the aeration basin and diluted sludge volume
index (DSVI) as a function of the reactor operation time. (�) TSS (g/L); (�) DSVI
(mL/g).

the period with low Fe:P ratio, particulate P levels were signifi-
cantly reduced to 1.1 ± 0.6 mg/L. Finally, during the optimization
period of the coagulant dose (intermediate Fe:P ratio = 1.5–1.9:1),
the particulate P concentration was similar to the previous phase
(1.1 ± 0.4 mg/L).

3.1.3. Changes of pH
During the period without ferric chloride addition, the pH values

in the aeration basin ranged between 7.7 and 8.1, typical values of
biological treatment systems of wastewaters (Fig. 1b). Ferric chlo-
ride addition caused a rapid decrease of pH in the aeration basin
because of the hydrolysis reactions of Fe(III). During the period
with a high Fe:P ratio, pH values between 5.4 and 7.1 were reg-
istered, which are compatible with the microbial activity. For low
Fe:P ratio, the pH value increased rapidly, and ranged between 7.1
and 7.7. Finally, during the optimization period of the Fe(III) dosage,
the pH value ranged between 6.0 and 7.0 (Fig. 1b).

It must be pointed out that the P removal process took place
under suitable pH conditions (pH = 5.0–7.0 [10]), for almost the
entire period of the reactor operation.

3.1.4. Total Fe, total soluble Fe and particulate Fe present in the
final effluent

Total Fe and total soluble Fe concentrations of the final effluent
were determined, being the difference between them the particu-
late Fe (FePartic > 0.45 �m).

The total soluble Fe concentration depended on the Fe(III) dose,
because an excess of Fe consumes the system alkalinity, acidifying
the aeration basin mixed liquor, and thus promoting the solubility
of the metal. During the period with high Fe:P ratio (1.9–2.3:1), rel-
atively high total soluble Fe concentrations (2.5–10.7 mg/L) were
frequently measured for pH values below 6.0; concentrations
below 0.6 mg/L were registered when the pH value was ≥6.0. Partic-
ulate Fe concentration ranged between 5.0 and 37.0 mg/L (Fig. 1b,c).
For periods with low and intermediate doses (Fe:P = 1.0–1.4:1 and
1.5–1.9:1), pH values were above 6.1, total soluble Fe concentra-
tion was below 0.2 mg/L, and the particulate Fe level was notably
reduced (Fig. 1b and c).

The decrease of the effluent Fe concentration, and the improve-
ment of the total P removal (section 3.1.1), by reducing the Fe:P

ratio from 1.9–2.3:1 to 1.0–1.4:1 and then to 1.5–1.9:1, permitted
us to infer that the reactor suffered coagulant overload for a long
time. Thus, the optimal Fe(III) doses to achieve relatively low total
P and total Fe concentrations were Fe:P ratio = 1.5–1.9:1.
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did not provide significant amounts of COD to the treated effluent.
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.1.5. Characterization of the particulate matter in the final
ffluent

High particulate Fe concentrations corresponded to the highest
articulate P levels in the final effluent, which frequently occurred
uring the period with high Fe:P ratio (91–156 days). A molar Fe:P
atio of 2.07 was determined through linear regression analysis
Sigma Plot 10.0) between FePartic and PPartic. This value is in the
ange of those reported in literature between 1.66 and 3.0 [26].
his observation allows us to postulate a precipitation process
f P and Fe resulting in the formation of precipitates consisting
f pure components (ferric phosphate and ferric hydroxide) and
o-precipitates of P with Fe to form ferric hydroxyphosphate com-
lexes.

.1.6. Sedimentation properties of activated sludge. Control of
lamentous bulking

Fig. 2 shows the concentration of total suspended solids (TSS) in
he aeration basin and the diluted sludge volume index (DSVI) as a
unction of the operating time of the reactor. In the period without
erric chloride addition, particularly during 0–65 days, the TSS con-
entration of the aeration basin ranged between 2.5 and 4.2 g/L, due
robably to the poor settling properties (DSVI > 150 mL/g) and fre-
uent loss of sludge through the final effluent. During this period,
roliferation of filamentous microorganisms took place. Abun-
ance of filamentous microorganisms determined by the subjective
coring system proposed by Jenkins et al. [20] was qualitatively
orrelated to the settling properties determined by DSVI. Fila-
ents typically protruded from floc causing inter-floc bridging,

hus leading to the formation of a network structure. As a result,
edimentation and compaction of activated sludge flocs were nega-
ively affected. Since day 70, DSVI increased progressively reaching
alues close to 550 mL/g that indicates deterioration of the set-
ling properties. Marked loss of sludge through the final effluent
aused a sharp decrease of the TSS concentration up to values of
bout 1.5 g/L (Fig. 2). It must be pointed out that this phenomenon
ccurred when the system exhibited excessive abundance of fila-
ents corresponding to severe filamentous bulking (70–82 days,

ig. 3).
A marked improvement of the sedimentation properties of acti-

ated sludge was observed after 4–5 days of Fe(III) continuous
ddition (high Fe:P ratio = 1.9–2.3:1), resulting DSVI values below
50 mL/g. Values ranging between 59 and 64 mL/g were reached
fter approximately 8–9 days of application of the same coagulant
oses (Fig. 2). The improvement of the sedimentation properties
oincided with the pronounced decline in the abundance of fila-
entous microorganisms (Fig. 3). Thus, the continuous addition of

e(III) was able to control filamentous bulking according to previ-
us studies [4,27].

For periods with low and intermediate doses (Fe:P = 1.0–1.4:1
nd 1.5–1.9:1), the good settling properties with DSVI values below
0 mL/g were according to the frequency of occurrence of fila-
entous microorganisms: absence of filaments or few abundance

Figs. 2 and 3).

.1.7. Total suspended solids, volatile suspended solids and fixed
uspended solids in the activated sludge aeration basin

The TSS concentration in the aeration basin increased pro-
ressively once the ferric chloride addition started. The TSS
oncentration varied lightly with changes of the Fe(III) dose
Fig. 2).

The continuous addition of Fe(III) caused a rapid increase in

he concentration of volatile suspended solids (VSS) of the aera-
ion basin from 2.4 ± 0.5 g/L (period without Fe(III)) to 5.2 ± 0.1 g/L
high Fe:P, Fig. 4). The increase of the VSS content of the activated
ludge was caused by the marked improvement of the sludge sedi-
entation properties, and hence the significant decline in biomass
ring Journal 165 (2010) 607–616 611

loss of the system. During the following operation phases (low and
optimum Fe:P ratio), the VSS concentration of the aeration basin
decreased from 5.0 to about 4.1 g/L (Fig. 4).

The concentration of fixed suspended solids (FSS) was deter-
mined from the difference between TSS and VSS. The increase of
the FSS content of the activated sludge was evident after 0.5 �C of
Fe(III) treatment. The FSS concentration reached a value close to
4.7 g/L after 1.75 �C of Fe(III) application (high Fe:P), which did not
vary markedly for the following Fe(III) doses (Fig. 4). The VSS/TSS
ratio gradually decreased from 80% (period without Fe(III)) to an
average value of 52% (�C with Fe(III) = 1.4–3.1) and finally to 45%
(low and optimum Fe:P ratio) (Fig. 4).

These results indicate that a large amount of the coagulant
was incorporated into the microbial flocs, which generated a
significant increase in the inorganic fraction of the activated
sludge. As was explained, a precipitation process of P and Fe took
place, which resulted in the formation of ferric phosphate, fer-
ric hydroxide, and ferric hydroxyphosphate complexes (Section
3.1.5). In this context, it is suggested that the marked improve-
ment in the sedimentation properties of the sludge was due not
only to the successful control of filamentous bulking but also
to an increase in the density of microbial flocs by the incor-
poration of both Fe(III) and particles containing Fe–P into the
sludge.

3.1.8. Characterization of the final effluent. Removal of COD and
TSS

During the control period, high COD and TSS concentrations
were frequently observed, which indicated low process perfor-
mance (Fig. 5). COD values often exceeded the maximum discharge
limit to either storm-water collection systems or surface water bod-
ies (≤250 mg/L) for the Province of Buenos Aires – Argentine [25].
During the period with severe filamentous bulking problems, the
COD concentration varied between 600 and 1400 mg/L (Fig. 5).

In the absence of Fe(III), the curve for the TSS concentration of
the final effluent was similar to that corresponding to COD, because
the loss of biomass from the clarifier caused an increase in COD. The
soluble fraction of COD was relatively low (40–60 mg/L), therefore
the main contribution of COD to the final effluent was TSS.

The addition of coagulant affected both parameters, COD and
TSS. The COD concentration ranged between 80 and 210 mg/L
regardless of the applied Fe(III) dose (Fig. 5). These values would
comply with the maximum discharge limit for the Province of
Buenos Aires – Argentine [25].

The TSS concentration of the final effluent depended on the
applied Fe:P ratio, and generally corresponded to the observed
changes in the particulate P and particulate Fe concentrations of the
final effluent. During the period with high Fe:P ratio, TSS concen-
tration ranged initially between 200 and 720 mg/L (95–104 days,
Fig. 5). These values corresponded to the relatively high particulate
P and particulate Fe concentrations in the final effluent. A period of
15–17 days (�C = 0.75) was required to reduce the TSS concentration
of the final effluent to 90–100 mg/L (107–115 days); this decrease
in the TSS concentration was consistent with the reduced levels
of particulate P and particulate Fe. Between 120 and 156 days, the
TSS concentration increased to 130–240 mg/L. Significantly lower
values (10–70 mg/L) were recorded for the periods with low and
optimal Fe:P ratio (enlarged detail in Fig. 5).

During the Fe(III) addition, TSS that escaped from the clarifier
The TSS in the final effluent was basically of inorganic nature due
to the contribution of fixed solids from the coagulant or chemical
complexes containing Fe–P. The decrease of the TSS concentration
by reducing the Fe:P dose permitted us also to deduce that the
reactor suffered coagulant overload for a long time.
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ig. 3. Micrographs of activated sludge from the reactor aeration basin correspond
molar ratio) = 1.9–2.3:1: (c) day 97; (d) day 104. Low Fe:P ratio = 1.0–1.4:1: (e) day

.1.9. Effect of coagulant dose on the flocculation and
edimentation of particles containing Fe–P

The results found in previous sections allowed us to infer that
he application of high initial doses of Fe(III) (Fe:P = 1.9–2.3:1)
cted as a shock load producing a rapid improvement in the
erformance of the reactor, in terms of COD and soluble P
emoval. The orthophosphate removal involved a mechanism
f co-precipitation to form ferric hydroxylphosphate com-
lexes.

Coagulation and flocculation of primary colloidal particles

ould lead to the formation of larger particles [5], and probably of
igher density, which can be removed more easily by gravitational
ettling. The formation of small iron hydroxide particles 30–60 nm
n diameter has been reported previously for wastewater treated

ith iron salts for phosphate removal [28]. The presence of biomass
different operating periods. Control period: (a) day 27; (b) day 77. High Fe:P ratio
ntermediate Fe:P ratio = 1.5–1.9:1: (f) day 189 (— 50 �m).

favors the separation of colloidal particles containing Fe or Fe–P
[28,29].

In the present work, the separation efficiency of particles con-
taining Fe–P in the clarifier depended on the coagulant dose and
contact time. A high Fe(III) dose (Fe:P = 1.9–2.3:1) produced initially
a poor quality final effluent; although acceptable COD levels were
achieved, concentrations of particulate P, particulate Fe and TSS
varied considerably reaching unacceptable values (91–104 days).
During this initial period, the fixed suspended solids concentra-
tion of the aeration basin did not significantly increase. Incipient

aggregation of colloidal particles containing Fe–P and its poor incor-
poration into biomass could explain the low reactor performance
during the initial period of Fe(III) addition. About 15–17 days with a
continuous Fe(III) dosage were necessary to improve the quality of
the final effluent, in this period the content of FSS increased from



C. De Gregorio et al. / Chemical Enginee

F
F
(

2
(
s
o
g
c
p
f

(
u
(
i
e
c
u
t
o
o
s
i
r
fl

the system exhibited severe filamentous bulking problems (70–82

F

ig. 4. Biomass content of the aeration basin as a function of cell residence time with
e(III). (©) volatile suspended solids (VSS, g/L), (�) fixed suspended solids (FSS, g/L),
�) VSS:TSS ratio expressed as percentage.

0% (phase without Fe(III)) up to about 40%. In a simpler system
Fe(III)–phosphate–hydrogen), Smith et al. [30] showed that the
tructure of hydrous ferric oxide becomes more compact and dense
ver time. In our study, ferric hydroxyphosphate complexes were
radually incorporated into the organic matrix of microbial flocs
hanging its structure and increasing its density; these changes
robably caused a considerable improvement of the reactor per-
ormance during the period 107–115 days (Fe:P = 1.9–2.3:1).

The plant performance decayed during the period 120–150 days
Fe:P ratio = 1.9–2.3:1). This Fe:P ratio was within the range of val-
es reported in literature (1.5 –3.0); however, a high Fe(III) dose
141 mg Fe/(L day)), was necessary applying to remove the high
nlet concentration of total P. The high Fe(III) dose applied for an
xtended period and the high cellular residence time (21 days)
aused a progressive enrichment of Fe(III) in the sludge. This sit-
ation might have significantly favored the reduction from Fe(III)
o Fe(II), resulting in the formation of FeS deposits which were
bserved on the clarifier walls. Reduction of Fe(III) to Fe(II) can
ccur by microbial activity or by sulfide. Reduction of sulfate to

ulfide took place probably under anaerobic conditions in the clar-
fier favoring the Fe(III) reduction process. Nielsen and Keiding [31]
eported that reduction of Fe(III) to FeS led to a weakening of the
oc strength and disintegration of activated sludge flocs.

ig. 5. Total suspended solids (TSS) and chemical oxygen demand (COD) of the final efflu
ring Journal 165 (2010) 607–616 613

Li [12] showed that appropriate concentrations of Fe(III)
enhanced the ability of activated sludge to retain particulate and
colloidal matter within flocs, but over-dosages of Fe(III) weakened
the aggregation process forming dispersed flocs. In our study, the
high Fe(III) dose applied for an extended period (3.0 �C) favored the
formation of small dispersed chemical flocs by either failure of the
coagulation/flocculation mechanisms or flocs disintegration by for-
mation of FeS. These phenomena might explain the deterioration
of the final effluent quality during 120–150 days.

It must be noted that since approximately day 125 up to the end
of the period with high Fe:P doses, the concentration of the fixed
suspended solids of the aeration basin remained almost constant,
and particles containing Fe–P escaped from the clarifier deteri-
orating the final effluent quality. These results allow us to state
that the system can tolerate a maximum coagulant load, which
once exceeded, leads to a low reactor performance. For low and
intermediate doses of Fe(III), the concentration of fixed suspended
solids did not change significantly. The optimum dose of Fe(III) nec-
essary to produce a good quality effluent with respect to all the
analyzed physical–chemical parameters was Fe:P = 1.5–1.9:1. For
these doses, the Fe(III) entering the reactor was completely incor-
porated into the activated sludge as particles containing Fe–P, with
an accumulation rate similar to the waste removal rate, achieving
a good performance.

3.2. Effect of ferric chloride on the activated sludge microfauna

3.2.1. Total microfauna abundance and abundance of ciliated
protozoa

The analysis of the microfauna community of activated sludge
began after about 2 �C, i.e. once the sludge showed good floccula-
tion.

During the period without ferric chloride addition (0–90 days),
the microfauna showed densities between 1 × 106/L and 1 × 107/L
(Fig. 6a). Even though densities ≥1 × 106/L would correspond to
an efficient process [14], in the present study the reactor showed
commonly a mediocre performance (Fig. 5). Ciliated protozoa
represented the most abundant group of microfauna organisms
(88–100%).

Lower densities (7.0 × 105/L–1.0 × 106/L) were registered dur-
ing the period 70–77 days (Fig. 6a). It should be noted that when
days), the settling properties were gradually deteriorated leading
to loss of sludge from the clarifier effluent and consequently sharp
decline in the TSS concentration of the aeration basin (Fig. 2, Sec-
tion 3.1.6). This situation reduced the �C from 21 days to about

ent as a function of the reactor operation time. (�) TSS (mg/L), (©) COD (mg/L).
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ig. 6. Abundance of microfauna organisms as a function of reactor operation time
ifferent morphological–functional groups.

0 days, probably causing the observed decrease in the number of
rganisms. Thus, the changes in abundance of the activated sludge
icrofauna reflected the observed deterioration in the reactor effi-

iency (Fig. 5).
At the end of the control period, a gradual recovery of the micro-

auna density was observed (Fig. 6a), which corresponded to an
mprovement in the reactor efficiency (Fig. 5).

In the period with high Fe:P ratio, the microfauna community,
epresented mainly by ciliated protozoa (>98%), showed initially
ensities that ranged between 6.3 × 106/L and 1.2 × 107/L (91–104
ays); then abundance was reduced to about 1.0 × 106/L (107–114
ays, Fig. 6a). This last situation corresponded to the establishment
f a stable and efficient system with good final effluent quality
Fig. 1c, Fig. 5). Between 120 and 142 days, the microfauna density
as less than 1.0 × 106/L, which indicated poor system efficiency

Figs. 1c and 5).
At the end of the period with high Fe:P ratio (148–156

ays), the microfauna density reached relatively high values
2.5 × 106/L–1.3 × 107/L). Even though this abundance would cor-
espond to an efficient process, the final effluent showed poor
uality (Figs. 1c and 5). The low density and absence of ciliates
eflected low or no efficiency of the system, respectively [32]. It
hould be noted that the ciliates represented 0–22% of the micro-
auna community, and rotifers were dominant.

During the phase with low Fe:P ratio (157–177 days), ciliates
ensity recovered (Fig. 6a). The system exhibited a rapid improve-
ent in performance, which was reflected in the final effluent

uality with acceptable levels of Fe, TSS and COD (Figs. 1c and 5).
During the period with optimal Fe:P dose (178–196 days), the

icrofauna density reached relatively high values, unlike the cil-
ates density gradually decreased (Fig. 6a). It should be noted

hat during this period the reactor showed good performance
Figs. 1c and 5).

In general terms, microfauna abundance and ciliates abundance
eflected the changes of the system performance during the differ-
nt periods with added Fe(III). However, it is necessary to have
ensity of total organisms and ciliated protozoa (No/L). (b) Percentage abundance of

additional information about the composition of the activated
sludge microfauna.

3.2.2. Relative abundance of different morphological–functional
groups in the activated sludge reactor
3.2.2.1. Control period. The microfauna community showed rela-
tively low diversity, which could be associated with either a low
efficient process for wastewater treatment or relatively high lev-
els of ammonia in the aeration basin (140–170 mg/L N-NH3). The
dominance of the various organism groups in the reactor varied
throughout the experimental period. At the beginning of the oper-
ation (45–50 days), swimming ciliates of the genus Colpoda were
the dominant organisms in the reactor, representing 81–99% of the
community. This group of organisms is typical of early stages of acti-
vated sludge system operation [14]. Then, the density of swimming
ciliates decreased about one order of magnitude, being replaced by
attached ciliates (Vorticella microstoma, Vorticella spp.) and crawl-
ing ciliates (Chilodonella sp.). Sessile forms accounted for more than
50% of the microfauna organisms in the aeration basin during 59–66
days (Fig. 6b); in this period, mediocre settling properties and reac-
tor performance were registered (Figs. 2 and 5).

Between 70 and 77 days, the crawling ciliates represented
52–91% of the microfauna, being Chilodonella sp. the sole rep-
resentative of that group (Fig. 6b). It is well known that the
dominance of crawling ciliates and co-dominance of crawling
ciliates and attached ciliates indicate good performance of the acti-
vated sludge plants [14,33]; however, in the present study the
reactor performance exhibited a marked deterioration during the
abovementioned period (Fig. 5).

When the system exhibited severe filamentous bulking prob-

lems (70–82 days), the final effluent showed unacceptable levels
of COD and TSS (Fig. 5). It must be pointed out that even though
the decrease of the microfauna density rapidly reflected this situa-
tion, the community composition did not respond immediately to
changes in the system environmental quality.
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Changes in the microfauna community related to the incidence
f severe filamentous bulking were registered after about one
eek of starting this phenomenon. In this regard, Chomczyńska

t al. [22] argued that bioindication, based on indicator species
r morphological–functional groups, enables assessment of living
onditions a generation time of species present in samples back-
ards from the instant of observation. The sharp decrease of the

ludge concentration would have favored the proliferation of the
ttached ciliate Opercularia sp., which represented 66–95% of the
ommunity during 80–90 days. This organism is often associated
ith Vorticella microstoma, being both indicator organisms of poor
erformance of the activated sludge process [14].

The excessive growth of Opercularia sp. involved a progressive
ncrease of attached ciliates during 77–90 days. This group domi-
ated the community during 80–90 days, representing 73–99% of
he microfauna (Fig. 6b). In fact, a massive increase in number of
ttached ciliates (>80% of the microfauna) occurs during transient
ituations, such as a quick increase of the organic load (F/M ratio)
ue to loss of sludge, and a discontinuous input of organic load
rom the influent, which reduce the plant performance [14]. In the
resent study, the first of these situations would have caused the
eterioration of the reactor performance during 70–82 days.

.2.2.2. Operating periods with different Fe:P ratios. High Fe(III)
oses (Fe:P = 1.9–2.3:1) improved rapidly the settling properties of
ludge (Fig. 2). This situation could cause a sudden increase in the
ensity of Chilodonella sp. by an order of magnitude during 91–104
ays, according to reports in literature indicating that high densi-
ies of crawling ciliates are always associated with good settling of
ludge [14,33].

After about one week from the beginning of the Fe(III) addition,
rawling ciliates and attached ciliates co-dominated the commu-
ity (Fig. 6b). However, Opercularia sp. maintained a high density
4.4 × 106/L), which could be due to its ability to survive in stressed
nvironments better than other protozoa [14,34]. A very efficient
nd stable operation was observed during a brief period (107–114
ays), which was reflected by the high-quality of the final effluent
Figs. 1c and 5).

Later, the number of Chilodonella sp. decreased strongly, and
ttached ciliates (Vorticella microstoma, Vorticella spp. and Oper-
ularia sp.) represented more 80% of the microfauna community
114–135 days, Fig. 6b), which indicated a decline in the system
fficiency.

At the end of the period with high Fe:P ratio, the ciliates showed
ow densities or were not observed (142–156 days, Fig. 6a). Dur-
ng 142–149 days, the motile, dispersive form (called telotroch)
f the attached ciliates group represented more than 97% of the
iliates community. Telotroch proliferation was associated with
nfavorable environmental conditions for attachment to a suitable
ubstrate. It is well known that when environmental conditions
eteriorate sufficiently, the sessile trophont termed the stalked
ooid transforms into a telotroch, detaches from the stalk, and
wims leaving the stalk behind. When the telotroch finds a new
uitable location, it re-attaches, re-grows its stalk, and begins
eeding [35]. Sessile ciliates feed on dispersed bacteria by filter-
ng systems, competing successfully with swimming ciliates and
otifers; thus once that the disappearance of attached ciliates took
lace, growth of rotifers was probably favored. During the period
42–156 days, rotifers accounted for 78–99% of the microfauna
Fig. 6b).

During the period with low Fe:P ratio = 1.0–1.4:1, the ciliates

ecovered (Vorticella spp., Vorticella microstoma) and the number
f rotifers decreased to finally disappear (Fig. 6a and b). At the end
f this period, the swimming ciliate Colpoda sp. represented 100%
f the microfauna community. The aeration basin was firstly domi-
ated by rotifers, then by attached ciliates and finally by swimming
ring Journal 165 (2010) 607–616 615

ciliates. Even though these situations would correspond to a low
performance system, the final effluent showed high quality with
acceptable levels of Fe, TSS and COD (Figs. 1c and 5).

During the period with optimal Fe:P ratio, Colpoda sp.
decayed and rotifers represented finally >99% of the microfauna
(Fig. 6b). The community composition did not reflect the good
enough performance exhibited by the reactor during this period
(Figs. 1c and 5).

3.2.3. Morphological–functional groups as indicators of the flocs
microstructure

The dosage of ferric chloride generated stress conditions, which
reduced the number of organisms, and also altered the microfauna
composition by promoting the development of species or organ-
isms groups more tolerant than others. The initial Fe(III) dose (Fe:P
ratio = 1.9–2.3:1) caused a progressive enrichment of Fe(III) in the
sludge modifying the structure of the flocs, which probably altered
the microhabitats of morphological–functional groups closely asso-
ciated with the microbial flocs. This would have negatively affected
the development of both crawling ciliates, which feed on bacteria
slightly attached to the surface of the flocs, and attached ciliates
due to a modification of the attachment surface. The disappearance
of these organism groups favored the development of organisms
not directly associated with flocs such as rotifers and swimming
ciliates.

It must be pointed out that since about day 142 until the end
of the study, the microfauna community was dominated by a sin-
gle functional group (rotifers) or species (Colpoda sp.), which is
characteristic of polluted environments or under stress conditions.

Analyses based on both the total density and the relative
abundance of microfauna functional groups would detect over-
load situations of Fe(III) on the biological system. Particularly, the
decrease in the density of ciliates and the disappearance of crawling
ciliates constituted strong evidence of Fe(III) over-dose.

The decrease of the Fe(III) dose was not sufficient to restore the
typical microfauna structure of activated sludge systems with good
performance. This situation could be explained considering that the
high content of fixed solids of the sludge, caused by overload of
Fe(III) for extended periods (3 �C), persisted even after reduction of
the Fe(III) dose. This implies that if well the reactor operated with
phosphorous simultaneous precipitation recovered after decreas-
ing the Fe(III) dose, exhibiting an acceptable performance, it would
be highly susceptible to potential coagulant over-load phenomena.

4. Conclusions

• The application of different doses of ferric chloride
(Fe:P = 1.5–2.3:1, molar ratio) to the aeration basin of an
activated sludge reactor (laboratory-scale), fed with a high P
load, achieved soluble P removal between 96 and 98%, and total
P removal higher than 90%.

• A high Fe:P ratio = 1.9–2.3:1 acted as shock load quickly improv-
ing the COD and soluble P removal.

• The soluble P was removed by a chemical precipitation mecha-
nism resulting a ferric hydroxyphosphate complex. The soluble
phosphorus removal depended on the applied Fe(III) dose, and
the accumulation of precipitates containing P and Fe into sludge
mass did not affect the process efficiency.

• The sedimentation properties of the sludge were improved at
about one week after coagulant addition. This was associated to

both, a successful control of filamentous bulking and an increase
in the density of microbial flocs by the incorporation of Fe(III)
and particles containing Fe–P into the sludge. The incorporation
of inorganic solids to the biomass flocs improved significantly the
solid–liquid separation in the clarifier increasing the final efflu-
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ent quality after a response time of at least 0.75 �C with high Fe:P
doses.
The application of high Fe(III) doses for an extended period (3
�C) caused a gradual accumulation of fixed solids in the acti-
vated sludge, which favored finally the formation of dispersed
flocs deteriorating the final effluent quality. These results allow
us to state that the system could tolerate a maximum coagulant
load, which once exceeded, leads to a low reactor performance.
It is recommended, once reached the desired level of soluble P,
to reduce the dose to a Fe:P ratio = 1.5–1.9:1 to obtain acceptable
effluent quality in terms of TSS, COD, total P and total Fe.
The periodic analysis of the microfauna density, ciliates den-
sity and relative abundance of morphological–functional groups
allowed monitoring the progressive toxic effect of ferric chloride
on the biological system.
Changes in the density of Chilodonella sp., Opercularia sp., Vor-
ticella microstoma, Vorticella spp., Colpoda sp. and rotifers were
analyzed as a function of the progressive enrichment of Fe(III) in
the sludge. The crawling ciliates constituted the most sensitive
group to changes in environmental quality of the system oper-
ated with simultaneous precipitation of P. This organism group
could be used as biological indicator of overload conditions of
Fe(III) in such systems.
The analysis of the microfauna allowed to determine the ade-
quate ferric chloride doses, and could be used as a tool for process
control of activated sludge with phosphorus simultaneous pre-
cipitation.
The combined analysis of physical–chemical and biological
parameters constitutes a useful procedure to monitor the reactor
performance and the final effluent quality.
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