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a b s t r a c t
Feedlots generate a large amount of manure-contaminated runoff wastewater that is accumulated 
in reservoirs and should be treated promptly before disposal. A promising alternative to reduce the 
organic level while recovering the nutrients in a timely manner is a physicochemical treatment based 
on coagulation–flocculation. This work aims at optimizing the coagulation–flocculation stage of a 
feedlot wastewater treatment. First, batch experiments were carried out to define and optimize the 
dose of coagulants. Then, continuous coagulation was examined inside a horizontal tube, empty and 
provided with static mixers. Iron chloride, calcium hydroxide and magnesium hydroxide were tested 
as coagulants. The best strategy found was a combined addition of iron chloride followed by calcium 
hydroxide. Removal efficiencies of around 98% (phosphorus and organic matter) were achieved with a 
dose of 10 mM iron (III) plus the calcium hydroxide required for neutralization. The use of a Koflo type 
static mixer was found to be the best configuration, promoting the formation of flocs with excellent 
settling properties. Settler areas up to eight times smaller would be required if the flocculation was 
promoted in the static mixer rather than in a stirred tank. The proposed method would be convenient 
for both small and large feedlot establishments to self-treat wastewater shortly after a rainfall.
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1. Introduction

Livestock practices in humid climates give rise to large
volumes of effluents with a very high organic load [1]. The 
excreta of animals in beef cattle feedlots constitute the main 
component of the effluents. Land spaces allotted for solid 
waste storage, lagoons, accumulation channels as well as 
adjacent agricultural fields with the addition of high doses 
of manure as fertilizer are prone to be contaminated. The 
biological degradation of manure releases a large amount of 

labile organic matter, nutrients (N and P) and salts, minor 
constituents such as metals (Cu, Zn, and Fe) and organic 
compounds (antibiotics, antiparasitics, hormones, and other 
ionophores), as well as pathogens (Giardia, Escherichia coli). 
These agents can be mobilized by rain and reach superficial 
or subsurface water sources, degrading their quality [2–4].  
In countries with a long history of intensive livestock produc-
tion, the collection and treatment of runoff include catchment 
areas and lagoon systems, as well as their subsequent reuse 
in agricultural fields [5]. Nevertheless, feedlot wastewater is 
still an unresolved problem, especially in regions with high 
rain precipitation levels where quick treatment procedures 
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are required to cope with the contaminated water rapidly 
enough to avoid uncontrolled discharges. The irregular 
nature of the effluent generated by rains hinders the imple-
mentation of biological treatment technologies such as bio-
gas production facilities. De Vuyst et al. [6] evidenced that 
biogas generation in beef cattle feedlots is not economically 
viable under current market conditions. Moreover, Caruana 
[7] recently showed that although anaerobic digestion and 
similar production systems could be applied for very large 
establishments, such systems are unprofitable for medium or 
small cattle feedlots due to the investment required for mod-
ifications in the production scheme.

An alternative to biological treatment is coagulation–
flocculation/precipitation with chemical aids, followed by 
settling. This process is widely used for sewage treatment 
[8]. Iron salts or alums are used to remove colloids, nutri-
ents and soluble organic matter from wastewater. The mech-
anism involves charge neutralization and coprecipitation 
[5,9] together with certain insoluble salts precipitation (e.g., 
FePO4, AlPO4). Phosphorus is a pollutant of main concern 
due to its disruptive effect on water bodies. Its removal 
and recovery for reuse have been the subject of intense 
research [10,11]. Sievers et al. [12] used iron chloride (FeCl3) 
for poultry, cattle and swine wastewaters, finding removal 
efficiencies over 70%. The same authors used chitosan and 
some artificial synthetic polymers with similar results. They 
reported poor removal efficiencies with iron sulfate and 
magnesium chloride. Sherman et al. [13] used iron chloride 
(FeCl3) for treating dairy wastewaters, achieving more than 
80% removal of the phosphorous inorganic fractions. Laridi 
et al. [14] explored struvite (MgNH4PO4) precipitation for 
phosphorus and nitrogen removal from swine wastewater, 
using magnesium chloride and magnesium hydroxide as 
coagulants. They were able to remove 98% of the phosphorus 
and 17% of the ammonia. Nonetheless, this process needed 
a high ammonia concentration in the inlet flow, which is not 
common for most of the livestock wastewaters. Thapa et al. 
[15] used electro-coagulation with iron, aluminum and a 
mixed aluminum-iron alloy for treating feedlot wastewater. 
They reported an almost total phosphorus (TP) removal with 
varying results for nitrogen (approximately 40% on average) 
and organic matter (approximately 70% on average). This 
technique, which replaces the coagulant addition with an 
electrochemical reaction, is currently being investigated for 
several different wastewaters [15–18]. It involves managing 
electrical current within a highly conductive media (due to 
the high salinity of the wastewaters), and periodic replace-
ment of the electrodes [15].

Flocculation is generally carried out in big tanks, which 
require large space and energy consumption. Several works 
have been devoted to optimizing the mixing for improving 
the flocs characteristics and settling efficiency [19]. The use 
of static mixers has been proposed for the flocculation stage 
applied to urban or mine wastewaters [20–22], thus avoiding 
the use of a stirred tank. Preventing the use of mobile parts is 
especially important for rural environments, where regular 
maintenance is difficult. Evidence of a positive effect of static 
mixers on settling has been reported. Demoz [20] used the 
settling curve analysis to determine the influence of the flow 
rate on flocculation promoted in static mixers for mineral 
wastewaters. Increased initial settling velocities were found, 

indicating improved settling behavior. The dewatering capa-
bility of flocculated wastewaters has been assessed using the 
capillary suction time (CST) test [23,24].

Even though previous works have demonstrated the abil-
ity of static mixers for reducing coagulant consumption for 
urban and mine wastewaters, the settling curves and nutri-
ent removal efficiencies were usually not reported. Also, to 
our knowledge, there is no information regarding the use of 
static mixers for assisting flocculation of beef cattle feedlots 
wastewaters.

This work aimed to examine the coagulation–flocculation 
process for cattle feedlot wastewater treatment, focusing on 
nutrient and organic matter removal and recovery. Hence, 
the coagulants used were selected to allow for the future use 
of the sediment as fertilizer, after proper stabilization. Mixing 
conditions were particularly studied for optimizing the coag-
ulant dose and the flocs settling properties. The suitability 
of promoting continuous flocculation using a static mixer 
instead of a mixing tank with mobile parts was assessed.

2. Materials and methods

Feedlot effluent was collected 24 h after a rain, from the 
main runoff collection pond of an establishment located in 
the Buenos Aires province of Argentina. It was characterized 
and used for flocculation and settling tests.

Electrical conductivity, pH, ammonia (NH4), total 
Kjeldahl nitrogen (TKN), total reactive phosphate (TRP), total 
phosphorus, total iron, chemical oxygen demand (COD), 
turbidity (NTU), volumetric solid fraction, hardness, and 
alkalinity were measured following the standard methods 
[23]. Organic fractions of nitrogen (N-Org) and phosphorus 
(P-Org) were obtained by difference with totals. Even if some 
features were not particularly affected by the studied treat-
ment, they have been determined and reported for means of 
comparison with other wastewaters. Depending on the coag-
ulant employed, hardness and alkalinity can be relevant for 
the coagulation process [8].

Effluent flocculation was tested in batch and contin-
uous arrangements at a controlled temperature of 20°C. 
Experiments in the batch were carried out in 2 L flasks using 
a magnetic stirrer at 80 rpm, as recommended in the literature 
[19,25–27]. Iron (III) chloride hexahydrate, calcium hydroxide 
and magnesium hydroxide, which are not phytotoxic, were 
selected as coagulants considering the possibility of using the 
sediment as a fertilizer after proper stabilization. The feasibil-
ity of producing a solid fertilizer from coagulation treatments 
of different animal effluents has been already discussed and 
evidenced [11,13,14]. Flocculation was promoted using solu-
tions of each coagulant at a time or combined, adding iron 
salt first and then, hydroxide. Examined treatments involved 
the addition of (i) iron chloride (Fe), (ii) calcium hydroxide 
(Ca), (iii) magnesium hydroxide (Mg), (iv) iron chloride fol-
lowed by calcium hydroxide (Fe + Ca) and (v) iron chloride 
followed by magnesium hydroxide (Fe + Mg). Different con-
centrations were tested to determine the optimal dose.

For the continuous experiments, preliminary tests were 
carried out using the calcium carbonate formation as a model 
for the precipitation–coagulation–flocculation process [28]. 
Aqueous solutions prepared with anhydrous sodium car-
bonate and dihydrate calcium chloride were used to induce 
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calcium carbonate precipitation. Iron chloride was used as 
the coagulant, and cationic polyacrylamide (105 g mol–1) was 
added to the media for simulating the effect of organic mat-
ter aggregation (flocculation). This model fluid was used for 
testing different mixing conditions during the continuous 
flocculation process assisted with the addition of a coagulant 
at three flow rates: 2.0, 1.3, and 0.7 L min–1. Once the best 
mixing configuration was determined using the model fluid, 
continuous flocculation of the effluent was assessed with the 
coagulation strategy and dose optimized in batch.

For both the batch and continuous experiments, 
 stoichiometric relations were considered for determining 
the hydroxide dose in the Fe + Ca and Fe + Mg treatments  
Eqs. (1) and (2):

2 3 3 6 23 2
2

3
FeCl Ca OH Ca Cl Fe OHH O2

+ ( )  → + + ( )+ −  (1)

2 3 3 6 23 2
2

3
FeCl Mg OH Mg Cl Fe OHH O2

+ ( )  → + + ( )+ −  (2)

Hydroxides were added to attain a 2:3 molar ratio of iron 
chloride. Hydroxide prevents the acidification arising from 
iron addition and poor coagulation due to low effluent alka-
linity. Treatment of low alkalinity wastewaters is difficult 
due to the drastic changes in pH induced by coagulants [8]. 
Hydroxide addition counteracts the effect of acid coagulants 
maintaining suitable pH conditions for phosphorus recovery.

Continuous flocculation was examined within an empty 
acrylic tube (ET), a mixer formed by an arrangement of three 
contraction-expansion stages (CE), and an eight-element 
Koflo type static mixer (SM) [29]. CE arrays are currently 
being studied for mixing operations [30], particularly for 
micromixing [31]. Testing their application in the flocculation 
process was considered, since the diffusion enhancement 
may improve the coagulants effect. The ET and the mixers 
used had a length of 0.3 m and an inner diameter of 1.9 cm 
(¾ inch). The CE mixer had contractions-expansions of 1.9 
to 1.27 cm (¾ to ½ inch), and 1.27 to 1.9 cm (½ to ¾ inch), 

separated by 3.5 cm in between. Schemes of the tested static 
mixers are shown in Fig. 1a and b.

The effluent and the model fluid were driven from a 
200 L reservoir using a centrifugal pump for the main flow, 
and two peristaltic pumps for the addition of the coagulant 
(Fig. 1c). The flow rates of the coagulant solutions were set as 
5% of the effluent flow rate. The resultant coagulant concen-
trations were the ones optimized from the batch experiments. 
Stationary behavior was observed almost from the begin-
ning. Hence, 10 min was allowed for stabilization before tak-
ing three samples successively, every 5 min, with the purpose 
of assessing the settling curves, and for further analytical 
determinations. As for the settling curves data, these were 
obtained directly by collecting the samples from the mixer or 
the ET outlet. The experiment with continuous flocculation 
of the effluent in the Koflo type static mixer with a flow rate 
of 2 L min–1 was continued for one more hour to check for 
the process stability. Samples were collected at 10, 20, 30, and 
60 min after the initial ones to measure the settling curves.

Settling curves were measured in 2 L standard graduated 
cylinders for both the batch and continuous experiments. 
Once a clear liquid–solid interface was developed, the time 
taken for it to reach different positions was recorded [23,32]. 
This single settling assay was carried out by triplicate. For a 
complete analysis of the whole settling curve, the limit solid 
flux (LSF) concept was considered since it is directly related 
to the final settler area required [8,33]. The solid flux is the 
rate of solid mass moving downward across a unit area in the 
settler, as defined by Tchobanoglous et al. [8]. The LSF is the 
minimum one required for a settler to handle a given organic 
load, and it is used to dimension the settlers. Such flux can 
be estimated from a single assay following the Kinch theory 
[8,33], assuming a model to describe the relationship between 
the settling velocity and the solids concentration; the Vesilind 
model was used as recommended in the literature [8,32,33]. 
A higher solid flux leads to better performance; thus, a lower 
settler area is required for the settling process.

The CST test [23,24] was used to compare the flocs 
strength generated in batch with the ones obtained while 

(a) (b)

(c)

Fig. 1. Schemes of the static mixers, and flowsheet used for testing the continuous coagulation process: (a) Koflo type static mixer,  
(b) contraction-expansion static mixer, (C) schematics of the flowsheet.
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promoting flocculation within the Koflo type static mixer. 
The CST test measures the filtration force generated by the 
capillary action of a chromatography paper (Whatman n°17 
or equivalent) applied to a sludge sample. The lower the CST, 
the higher the floc’s strength and dewatering capability.

3. Results and discussion

3.1. Feedlot effluent characterization and batch experiments

Table 1 details the main features of the effluent collected 
sample. Low alkalinity was found, together with a high 
amount of nitrogen and phosphorus. The COD and nutrients 
were well above local discharge limits, which could be very 
dangerous for aquatic life preservation if disposed of with-
out treatment [34]. The general characteristics of the feedlot 
effluent examined in this study were comparable to those 
reported in the literature for the feedlots of other countries 
[5,35,36].

Figs. 2 and 3 show the dose optimization curves for the 
flocculation experiments performed in batch using single 
coagulants.

Regarding removal efficiency, though strongly dependent 
on the dose, calcium hydroxide was effective in removing 

organic phosphorous, reaching values below 2 mg L–1 with 
an optimum dose of 8 mM. As for nitrogen and TRP, the 
removal was less than 30% despite meeting conditions for cal-
cium phosphates precipitation [37], which suggests a kinetic 
hindrance. Cao et al. [38] showed that humic acids gener-
ally inhibit calcium phosphates nucleation by adsorbing to 
the new nuclei and by complexation of calcium ions. These 
authors found more than 94% precipitation inhibition of cal-
cium phosphates in the presence of humic acids. Magnesium 
hydroxide evidenced a similar behavior for organic nitrogen 
and the TRP. Organic phosphorous removal was less efficient 
and ammonia removal was almost negligible, despite the 
conditions were appropriate for struvite precipitation [39,40]. 
Again, the presence of organic matter could have inhibited 
precipitation. For both hydroxides, the attained COD and 
turbidity removal efficiencies were less than 20% whatever 
the dose used (Fig. 3), suggesting that pH changes and Ca2+ 
or Mg2+ were not effective to flocculate the existing organic 
matter.

Iron chloride addition promoted excellent nitrogen and 
phosphorus removal efficiencies (Fig. 2), which is consistent 
with literature information for sewage, swine, dairy, cattle 
and poultry wastewaters [8,12,13,41]. Moreover, COD and 
turbidity decreased by more than 70% when high doses 
(above 25 mM) were used (Fig. 3). However, a bulking effect 
was found after 30 to 50 min when the iron dose was above 
5 mM (Fig. 4). This effect could be related to the effluent low 
alkalinity (Table 1) and the acid character of iron (III) lead-
ing to carbon dioxide formation, saturation and evolution 
(detected qualitatively) after iron addition. The formation of 
micro-bubbles over the high specific surface flocs was likely 
responsible for the bulking. After adding iron chloride, the 
pH decreased from 5 to 1.5 when the dose was high (Fig. 2c). It 
is worth recalling that, when calcium or magnesium hydrox-
ide was added, bulking did not occur, which is likely because 
the pH did not decrease (Fig. 2a and b). The resulting sewage 
contained a low solid fraction of around 30%, indicating the 
formation of low-density flocs with a high risk of bulking.

The effects of the combined treatments (iron chloride plus 
calcium or magnesium hydroxide: Fe + Ca or Fe + Mg) on 
removal efficiencies, alkalinity and pH are illustrated in Fig. 5 
and can be compared with Fig. 2 to judge the advantages. 
Fig. 6 shows the combined treatments ability to eliminate 

Table 1
Raw effluent characterization

Variable Mean VC %a Unit

pH 7.5 1.9
Electrical conductivity 3 19.6 mS cm–1

Hardness 7.5 7.2 mM
Alkalinity 29.4 12.0 mM
Turbidity 1,161 7.8 NTU
Ammonia (NH4) 51.1 16.7 mg N L–1

Total reactive phosphate (TRP) 91.3 26.0 mg P L–1

Total Kjeldahl nitrogen (TKN) 302.14 26.4 mg N L–1

Total Phosphorus (TP) 110.13 27.8 mg P L–1

Total iron 3.85 11.3 mg Fe L–1

Chemical oxygen demand (COD) 4,778.2 24.2 mg O2 L–1

aVariation coefficient: standard deviation divided by the mean.

Fig. 2. Dose optimization for flocculation in a batch when using (a) calcium hydroxide, (b) magnesium hydroxide or (c) iron chloride 
as coagulants. NH4: ammonia, N-Org: organic nitrogen fractions, TRP: total reactive phosphate, P-org: organic phosphorous fractions.
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COD and turbidity, which should be compared with Fig. 3. 
The results point to the excellent performance of the com-
bined treatments. Both treatments led to similar removal 
efficiencies, such as about 50% of the organic fractions of 
nitrogen and phosphorus, and almost all the TRP. Calcium or 
magnesium hydroxide addition was successful in preventing 
pH decrease induced by incorporating iron (III) to a low alka-
linity raw effluent (Fig. 5).

Phosphates precipitation determined an almost complete 
elimination of the TRP. The ammonia removal efficiency was 
around 10%, which is probably related to volatilization given 
that the pH transiently increased after hydroxide addition, 
before attaining complete mixing and neutralization. COD 
removal efficiencies were higher than 80%, with almost total 
turbidity elimination for doses above 6 mM iron (Fig. 6).

Alkalinity was strongly modified when using iron chlo-
ride as a coagulant in high doses (Fig. 2), decreasing markedly 

due to the acid character of iron (III). Compensation by sub-
sequent addition of calcium or magnesium hydroxide pre-
vented an excessive decrease of the treated effluent alkalin-
ity, keeping pH within dischargeable limits while promoting 
flocculation (Fig. 5).

3.2. Static mixer coagulation–flocculation optimization

The effect of using a static mixer instead of an agitated 
vessel was examined by inducing the coagulation–precipita-
tion of calcium carbonate from the model system described 
in section 2. Calcium carbonate precipitation was signifi-
cantly influenced by the mixing device used for assisting the 
flocculation/precipitation stage. Fig. 7 shows the measured 
settling curves. The Koflo type static mixer had the best per-
formance, with the highest initial settling rate and the lowest 
compression effect. Only the ET at low and middle flow rates 
were able to attain similar behavior. The CE mixer promoted 
the formation of flocs with worse settling features than those 
arising from the other configurations. The ET and CE mix-
ers led to similar results at the highest flow rate examined. 
Considering the profiles reported by Lü et al. [30], it is likely 
that mixing eddies around expansions and contractions pro-
duce good mixing but high shear stress. Hence, turbulent 
forces would prevent floc aggregation resulting in a detri-
mental effect on the settling curve.

The settling curves determined when promoting floc-
culation/precipitation of the model system within the Koflo 
type static mixer or the ET were both better than flocculation 
within an agitated vessel, in agreement with previous find-
ings for other wastewaters [22]. The Koflo type static mixer 
led to flocs with better settling features and less dependent 
on the flow rate. Apparently, the Koflo type static mixer rap-
idly accomplished a good coagulant distribution, increasing 
the chances of collision and aggregation for incipient flocs. 
Therefore, a decrease in residence time at high flow rates 
caused a milder effect than in an ET.

The initial settling velocities, determined from the settling 
curves, are detailed in Table 2. When using the Koflo static 
mixer, the flow rate had low influence on the initial settling 
velocity and the opposite behavior was found with the ET, in 
agreement with previous findings for other wastewaters [22].

Fig. 3. Chemical oxygen demand (COD) and turbidity (NTU) removal efficiencies in batch, when using calcium hydroxide, magne-
sium hydroxide or iron chloride as coagulants.

Fig. 4. Bulking effect observed after flocculation promoted by 
using 10 mM iron chloride.
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Based on the results obtained for the model precipita-
tion/flocculation/settling system, the Koflo type static mixer 
together with the combined addition of iron chloride and 
subsequent calcium hydroxide was selected for performing 
a continuous flocculation experiment with the effluent. Fig. 8 
presents the settling curves measured for the flocculation pro-
moted in the batch agitated vessel and within the Koflo type 

static mixer in the continuous system. In agreement with the 
results found when using the model system, the settling curve 
obtained when the flocculation was induced in the Koflo type 
static mixer showed a significantly better behavior for settling 
compared to the one obtained in the batch agitated vessel.

For the three flow rates, flocculation within the Koflo 
type static mixer led to higher initial settling velocities and 

Fig. 5. Removal efficiencies attained when using the combined addition of iron chloride and subsequent calcium hydroxide  
(a) or  magnesium hydroxide (b). NH4: ammonia, N-Org: organic nitrogen fractions, TRP: total reactive phosphate, P-org: organic 
 phosphorous fractions, Alk: alkalinity.

Fig. 6. Comparison of chemical oxygen demand (COD) and turbidity (NTU) removal efficiencies obtained by the combined addition 
of iron chloride and subsequent calcium (Fe + Ca) or magnesium (Fe + Mg) hydroxide.
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a smaller compressive behavior than the flocculation in the 
batch agitated vessel. Estimated initial settling velocities 
(Table 3) pointed to a slight increase in the settling efficiency 
with a higher flow rate. This behavior was coincident with 
the one reported by [20] for mining wastewater flocculated 
within a Koflo static mixer. The stability of the process 
was checked by prolonging the continuous flocculation for 
1 h at 2 L min–1. Initial settling velocities determined from 
the settling curves are also included in Table 3; the values 
found were almost invariable highlighting the stability of the 
process.

Characterization of the liquid obtained with the continu-
ous treatment evidenced improvements of the removal effi-
ciencies (Fig. 9) compared to the results obtained in the batch 
agitated vessel. TRP and turbidity were almost negligible in 
the clarified liquid. For nitrogen and phosphorous organic 
fractions (N-Org and P-Org), average removal efficiencies 

of around 80% were obtained. The decrease of the COD was 
larger than 90%.

The positive effect of the static mixer induced floccula-
tion was particularly evident for the phosphorous organic 
fraction and the COD removal efficiencies. This result is 
likely related to the fast and good coagulant distribution 
accomplished with the Koflo static mixer. Rapid coagulant 
distribution would benefit the reaction between iron, phos-
phate and organic matter, preventing loss of iron as ferric 
hydroxide [22]. The slight increase in removal capability 
with smaller flow rates could be attributed to an increase 
in residence time. The ammonia removal efficiency was 
much higher than in batch conditions, likely arising from 
volatilization after hydroxide addition. Although pH levels 

Fig. 7. Settling curves for the different mixing methods used during the flocculation stage with the model calcium carbonate precipita-
tion/flocculation system at different flow rates: (a) 2.0 L min–1, (b) 1.3 L min–1, and (c) 0.7 L min–1. SM: Koflo type static mixer, ET: empty 
tube, CE: contraction-expansion mixer, Batch: agitated vessel. The curve obtained for batch is included as a reference in all the figures.

Fig. 8. Settling curves for the different mixing methods used 
during the flocculation stage when treating the real effluent. 
Numbers in the legend are the flow rates in L min–1. H/H0 is the 
interface position relative to the initial column height.

Table 2
Initial velocities determined from the settling curves shown in Fig. 7

Operation strategy/ 
mixer

Flow rate  
(L min–1)

Initial  
velocity (cm s–1)

(*)

Continuous-SM 2.0 0.66 A
Continuous-SM 1.3 0.49 B
Continuous-SM 0.7 0.63 A
Continuous-ET 2.0 0.30 E
Continuous-ET 1.3 0.48 B
Continuous-ET 0.7 0.60 A
Continuous-CE 2.0 0.23 E
Continuous-CE 1.3 0.19 F
Continuous-CE 0.7 0.26 E

Batch – 0.25 E

*Different letters indicate significant differences (alpha = 0.05).
SM: Koflo static mixer, ET: empty tube, CE: contraction-expansion 
mixer.
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measured in the clarified liquid several minutes after taking 
the sample from the mixer outflow were around 7 ± 0.5, local 
alkaline conditions (which can lead to ammonia volatiliza-
tion) might be one reason for the strong ammonia concentra-
tion decrease due to a poor hydroxide instantaneous mixing. 
Hence, the addition of another static mixer after hydroxide 
addition could prevent volatilization by promoting fast dis-
tribution of the hydroxide.

A settling curve analysis was carried out to determine the 
LSF considering a solid concentration in the dense region 7.5 
times higher than the initial one. When continuous floccu-
lation was promoted within the Koflo static mixer, the LSF 
estimated from the settling curve was 714.0 kg m–2 h–1 for a 
flow rate of 2 L min–1. The LSF determined from the settling 
curve in the agitated vessel under batch conditions was sig-
nificantly lower, LSF = 102.6 ± 29.9 kg m–2 h–1. Hence, the area 
required for a settler would be considerably smaller if the 
continuous flocculation within a Koflo static mixer is used 
instead of a batch stirred tank.

The other examined flow rates led to limit solid fluxes of 
809.9 and 823.0 kg m–2 h–1 for 1.3 L and 0.7 L min–1, respectively. 

Settler areas up to eight times smaller would be required by 
inducing the flocculation in the Koflo static mixer. Therefore, 
the mixing process seriously affects the settling behavior of 
this type of effluent. Moreover, the use of a Koflo static mixer 
for the flocculation stage appears to be highly beneficial for 
minimizing installation and operation costs, while achieving 
improved removal efficiencies.

Finally, the flocs strength was examined using the CST 
technique, as proposed in [24]. Results (Fig. 10) indicate a sig-
nificant increase of the flocs strength if formed in the Koflo 
static mixer instead of using a batch agitated vessel. The 
flocs strength further increased as the flow rate decreased. 
However, the relative difference between flow rates becomes 
smaller as they decrease. The flow rate will be a compromise 
considering the installation size and capacity.

4. Conclusion

The main conclusions arising from the performed study 
of coagulation/flocculation and subsequent sedimentation of 
a feedlot effluent are the following:

• Calcium hydroxide or magnesium hydroxide alone did 
not show good performance as coagulants of the tested 
effluent.

• Iron(III) chloride was efficient to promote the effluent 
flocculation/precipitation, with average removal effi-
ciencies larger than 80% for the organic nitrogen and 
phosphorous fractions, and turbidity. However, such lev-
els were achieved only at large doses, over 25 mM Fe3+, 
inducing a pH decrease to less than 5 and triggering a 
bulking effect.

• The combined addition of iron chloride (10 mM Fe3+ 
dose) and subsequent calcium or magnesium hydroxide 
to neutralize, led to almost quantitative elimination of 
the TRP and the turbidity of the examined effluent while 
decreasing the COD by around 70%.

• Calcium carbonate precipitation in a solution containing 
polyacrylamide was found to be an appropriate model 
system for optimizing the mixing strategies of the coag-
ulation–flocculation operation. The use of this model 

Fig. 9. Removal efficiencies attained by flocculation of the efflu-
ent in the Koflo static mixer at different flow rates and subse-
quent sedimentation; numbers in the legend indicate the flow 
rate in L min–1. Results obtained in the batch agitated vessel are 
included for comparison. Both continuous and batch removal 
percentages are referred to the same optimum iron dose (10 mM 
Fe). N-org, P-org: nitrogen and phosphorous organic fractions, 
TRP: total reactive phosphate, COD: chemical oxygen demand.

Fig. 10. Capillary suction time (CST) test determined for the flocs 
formed from the effluent in the Koflo type static mixer at dif-
ferent flow rates. The values refer to the one determined for the 
flocculation in the batch agitated vessel. 

Table 3
Initial velocities estimated from the settling curves shown 
in Fig. 8. Operation at 2 L min–1 was continued for 1 h, taking 
 samples at 10, 20, 30, and 60 min

Operation strategy/ 
mixer

Flow rate, 
(L min–1)

Mean initial 
velocity, (cm s–1)

(*)

Batch 0.026 A
Continuous SM 0.7 0.080 B
Continuous SM 1.3 0.086 B
Continuous SM 2.0 0.107 C
Continuous SM-10 2.0 0.103 C
Continuous SM-20 2.0 0.087 B
Continuous SM-30 2.0 0.089 B
Continuous SM-60 2.0 0.094 B

*Different letters indicate significant differences (alpha = 0.05).
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system deeply simplified the possibility of examining the 
influence of mixing procedures on the flocculation stage 
without using the actual effluent.

• Continuous flocculation in a Koflo type static mixer sig-
nificantly improved the removal efficiency of the pollut-
ants compared to flocculation in a batch agitated vessel. 
The most affected variables were the phosphorous organic 
fraction that moved from ~20% to ~90%, and the COD 
that moved from ~60% to ~90%. Moreover, the formed 
flocs showed improved settling characteristics: >3 times 
larger initial settling velocities and >7 times larger limit 
solid fluxes. Therefore, settler areas up to 8 times smaller 
than the ones used in the case of a conventional stirred-
tank – thickener arrangement would be needed, with the 
resultant cost reduction. Hence, continuous flocculation 
in a Koflo type static mixer with a subsequent settler to 
achieve the solid–liquid separation constitutes a promis-
ing strategy for a time-effective treatment of the feedlot 
runoff effluent contained in accumulation ponds.
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Symbols and abbreviations

Alk — Alkalinity, mM
Ca — Calcium hydroxide treatment, –
CE — Contraction-expansion continuous mixer, –
COD — Chemical oxygen demand, mg L–1

CST — Capillary suction time, s
ET — Empty tube continuous mixer, –
Fe — Iron (III) chloride treatment, –
Fe + Ca —  Iron (III) chloride - calcium hydroxide 

 treatment, –
Fe + Mg —  Iron (III) chloride - magnesium hydroxide 

treatment, –
H — Interface height, cm
H0 — Initial interface height, cm
LSF — Limit solid flux, kg m–2 h–1

Mg — Magnesium hydroxide treatment, –
NH4 — Ammonia nitrogen, mg L–1

N-Org — Organic nitrogen, mg L–1

NTU — Turbidity, nephelometric turbidity unit
P-Org — Organic phosphorous, mg L–1

rpm — Revolutions per minute, min–1

SM — Koflo static mixer, –
TKN — Total Kjeldahl nitrogen, mg L–1

TP — Total phosphorus, mg L–1

TRP — Total reactive phosphate, mg L–1

mM — Milli molarity, mmol L–1
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