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Coagulation/flocculation prior to low pressure
membranes in drinking water treatment: a review
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Microfiltration (MF) and ultrafiltration (UF) consistently remove suspended material and pathogens from
drinking water; however, membrane fouling inhibits their application by increasing operation and
maintenance costs. Coagulation/flocculation is a commonly used pretreatment method for the reduction
of membrane fouling; in this review it has been grouped into three typical configuration types: Type 1:
coagulation + no/incidental flocculation, Type 2: coagulation + flocculation, and Type 3: conventional
coagulation, based on operational conditions. The impact of each configuration on floc properties,
membrane fouling, and organics removal has been reviewed in detail. Due to relatively high membrane
resistance and low NOM reductions, configuration Type 1 may not be optimal for fouling control and
organics removal when compared to Types 2 and 3. Configuration Type 2 led to the lowest cake layer and
specific cake layer resistance for both MF and UF, while there is evidence that Type 3 results in the greatest
reduction in fouling rate by reducing mass flux towards the membrane surface. As expected, with no
coagulant results indicate that UF achieves greater organics removal when compared to MF, but with the
addition of coagulant performance is similar for all configuration types. By highlighting the connection
between coagulation/flocculation configuration types and membrane performance, the review provides
insight for the design and operation of pretreatment for low pressure membrane filtration. In addition,
understanding the impact of configuration types on floc properties aids in revealing the fouling
mechanisms that dictate membrane performance. Knowledge gaps have been identified for guidance on
future research.

Membrane fouling inhibits the application of low pressure membranes by increasing operation and maintenance costs. Coagulation/flocculation is a
commonly used pretreatment method to reduce fouling, which may be grouped into three typical configuration types. This review provides insight for the

design and operation of coagulation/flocculation by highlighting the impact of each configuration on floc properties, membrane fouling, and organics

removal.
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1. Introduction

Microfiltration (MF) and ultrafiltration (UF) membranes,
commonly referred to as low pressure membranes, are widely
employed due to their ability to consistently remove
suspended material and pathogens from drinking water.!
However, membrane fouling remains a challenge, causing
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increased transmembrane pressure (TMP), flux deterioration,
and greater frequency of required backwashing and chemical
cleaning. Thus fouling reduces operating efficiency and
membrane life, and ultimately increases the operating and
maintenance costs of membrane filtration.> Membrane
fouling is typically characterized as reversible or irreversible
based on the impacts of cleaning practices. Hydraulically
reversible fouling can be addressed hydraulically (e.g
backwashing), while hydraulically irreversible fouling can be
addressed chemically (e.g. chemical cleaning). Chemically
irreversible fouling cannot be removed and its gradual
increase contributes to membrane ‘ageing’, or irreversible
changes to membrane performance and characteristics
associated with long-term foulant and cleaning agent
exposure.’

Membrane fouling is highly impacted by natural organic
matter (NOM).* Historically, hydrophobic humic substances
(i.e. humic and fulvic acids) which constitute the majority of
NOM present in surface waters® have been identified as the
predominant NOM foulants.”” However, there is increasing
evidence that hydrophilic biopolymers (ie. protein- and
polysaccharide-like =~ macromolecules) are the main
contributor to membrane fouling.* ' As NOM is ubiquitous
in source waters, identification of the NOM fractions
responsible for membrane fouling is a primary concern for
development of mitigation methods for drinking water
treatment using low pressure membranes.

Coagulation/flocculation is commonly used prior to low
pressure membrane filtration to reduce fouling, and has been
reported to reduce pore blocking, decrease cake layer
resistance, and increase backwash efficiency."® Previously
published reviews regarding pretreatment,’*
fouling and cleaning® for low pressure membranes, and an
overview of coagulation/flocculation pretreatment for
membrane treatment of drinking water and wastewater'® can
be found in the literature. Gao' summarized pretreatment
methods (e.g  coagulation, adsorption, peroxidation,
prefiltration) and operational conditions (e.g. running modes,
rinsing modes, chemical cleaning, air scouring) for reducing
fouling, while Huang'* also reviewed pretreatment methods
to address membrane fouling concluding that coagulation
had been most successful. Shi'® provided a summary of both
conventional and non-conventional (e.g. electrical cleaning,
ultrasonic) cleaning methods, as well as their impact on
membrane materials though no results quantifying cleaning
performance were included. Thus, the available review
studies do not provide insight on the impact of coagulation/
flocculation prior to low pressure membranes on floc
properties, membrane fouling, and NOM removal. In
particular, no comprehensive review exists on the impact of
coagulation/flocculation configuration types on membrane
performance.

The present review classified coagulation/flocculation
pretreatment configurations from all of the reviewed
literature into three typical types: Type 1: coagulation + no/
incidental flocculation (i.e. coagulation with direct membrane

as well as
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filtration), Type 2: coagulation + flocculation (i.e. coagulation,
flocculation, with direct membrane filtration), and Type 3:
conventional coagulation (i.e. coagulation, flocculation,
sedimentation, and membrane filtration). The impact of each
configuration type on floc properties and membrane
performance in terms of fouling and NOM removal was
assessed. The number of studies considered in reviewing the
impact of configuration type on floc properties, fouling
performance, and DOC/TOC removal is summarized in Fig. 1.
Published studies that counted towards fouling performance
include at least one of total resistance, cake layer/specific
cake layer resistance, specific hydraulic resistance, mean rate
of TMP increase/flux decline, and flux recovery after hydraulic
and chemical cleaning. This review highlights the connection
between coagulation/flocculation configuration types and
membrane performance, providing insight for the design and
operation of pretreatment for low pressure membrane
filtration. Summarized results are used to understand the
impact of configuration types on floc properties, which
dictate fouling mechanisms and membrane performance.
Knowledge gaps have also been identified to provide
guidance for future research.

2. Coagulation/flocculation-low
pressure membranes
2.1. Overview of coagulation/flocculation theory

Coagulation and flocculation typically occur sequentially,
governing the formation and properties of floc, and
impacting the performance of downstream membranes.
Initial aggregation of particles/NOM occurs by destabilization
during coagulation, where mechanisms include charge
neutralization,  interparticle  bridging, and  sweep
flocculation.'” As particles in natural waters, including NOM,
are negatively charged (pH 6.0 to 8.0), charge neutralization
occurs when sufficient cationic metal hydroxides are
adsorbed to reduce zeta potential to zero.'®'° Sweep
flocculation occurs when the concentration of a coagulant
exceeds its solubility limit, precipitates, and enmeshes
particles/NOM.?® The preferred destabilization mechanism
for membrane pretreatment is dependent on water quality,
and may be different for each configuration type.

Following destabilization, particle-particle interactions (i.e.
collisions) result in floc formation.'””'® Fluid shear induced
by mixing is the dominant flocculation mechanism when two
colliding particles are >1 um in diameter, while Brownian
motion dominates when at least one particle is small (i.e. <1
pm in diameter) and differential sedimentation in all other
cases.”’ Aggregation rates are highest when particles have
been fully destabilized by coagulation, and are lower in the
case of partial destabilization. The hydrodynamic conditions
of coagulation/flocculation are typically described by mean
velocity gradient, G, and contact time, ¢, and will be different
for each configuration type. In some of the published studies
impeller speed (rpm) rather than G value is used to describe
hydrodynamic conditions; however, despite the limitations of

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Number of published studies considered for floc properties, fouling performance, and DOC/TOC removal based on configuration type.*

Studies did not include membrane filtration.

G value, impeller speed is inadequate for quantifying the
forces being applied to water during mixing, and hinders the
reproducibility of study results. Finally, mass flux of floc
towards the membrane surface results in fouling, where floc
properties may be associated with the type of membrane
fouling that predominates.

2.2. Typical configuration types

Coagulation/flocculation pretreatment for all of the reviewed
literature could be classified into three typical configuration
types: Type 1: coagulation + no/incidental flocculation; Type
2: coagulation + flocculation; and Type 3: conventional
coagulation (Fig. 2). In this review, coagulation without
flocculation/sedimentation is considered as coagulation + no/
incidental flocculation. Coagulation followed by flocculation
in the absence of sedimentation is commonly referred to as
direct filtration,>*** while here it is characterized as
coagulation + flocculation. Conventional coagulation, which
includes sedimentation, has been applied prior to membrane
filtration to remove aquatic constituents that cause fouling."*
However, it has been observed that this may not be effective
in removing the NOM fractions which contribute to
irreversible fouling,** and that similar fouling performance
may be realized without sedimentation.”® In coagulation
pretreatment without sedimentation, floc size is only
required to grow beyond that of membrane pores (i.e. sub-
micron), thus reduced coagulant dosages may be
applicable.*® Coagulation pretreatment without flocculation/
sedimentation has been investigated for its potential to
significantly reduce flocculation times and water treatment
plant footprint.”” A summary of coagulation/flocculation
conditions for configuration Types 1, 2, and 3 from the
literature is provided in Table 1.

2.2.1. Type 1: coagulation + no/incidental flocculation. For
configuration Type 1, a coagulant is typically applied on a
continuous basis followed by rapid or static mixing directly

This journal is © The Royal Society of Chemistry 2020

upstream of membrane filtration. This does not include a
flocculation step, and contact time is typically <1 min,*>*?”
though it may be slightly longer.*" Two studies did not apply
mixing after the addition of coagulant.”*® Incidental
flocculation could result from the use of additional ancillary
equipment, such as contact tanks®® and recirculation lines,**
or by extended contact time such as that which may be
experienced in a membrane cell or tank.***"**

No standardized method for the optimization of coagulant
dosage for configuration Type 1 has been presented in the
literature. Coagulant dosages that have been considered
range from 0.59 to 5.68 mg L™ Al and 0.34 to 10.00 mg L™
Fe. Several studies have examined the impact of coagulant
dose on the basis of turbidity and NOM removal by charge
neutralization and sweep flocculation.>*?*?%3> Coagulant
dosage has also been optimized for reducing membrane
fouling. Pronk® reported increased fouling at an FeCl; dosage
of 5 ppm (1.70 mg L™ Fe) compared to 1 and 2 ppm (0.34
and 0.68 mg L™" Fe), while Judd and Hillis*” observed that at
coagulant dosages <0.035 mM Fe** (1.96 mg L' Fe) fouling
increased when compared to no coagulant addition. These
results suggest there may be dose thresholds, above or below
which fouling is exacerbated by the application of coagulant.
Choi and Dempsey*” examined the effect of alum and
aluminum chlorohydrate (ACH) dosages ranging from 0.59 to
2.93 mg L™ Al on membrane fouling. The authors suggested
that low dose conditions (1.17 mg L™ Al, pH 4.81), below
those required for charge neutralization, could
simultaneously reduce membrane fouling and coagulant
costs. Konieczny®® observed that FeCl; and Al,(SO,); doses
which were 20% lower than those determined by jar testing
(3.0 mg L™ Fe and 3.6 mg L™* Al respectively) resulted in the
lowest drop in permeate flux.

Where mechanical mixing or inline mixing were applied,
mean velocity gradient (G) and contact time (¢) after
coagulation for Type 1 have been reported to range from 0 to
5.25 s, and 360 to 720 s, respectively. Studies that did not

Environ. Sci.: Water Res. Technol., 2020, 6, 2993-3023 | 2995
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Fig. 2 Typical configuration types: a. Type 1. coagulation + no/incidental flocculation, b. Type 2: coagulation + flocculation, c. Type 3:

conventional coagulation.

include mixing did not report a G value but contact time
ranged from 20 to 120 s. Hydrodynamic conditions for
coagulation generally are not well described in studies where
static mixing is used.”” For incidental flocculation conditions,
it is difficult to characterize mixing in terms of G and ¢, and
where these values are provided justification for their
selection is not always stated directly.

2.2.2. Type 2: coagulation + flocculation. Configuration
Type 2 includes flocculation, typically performed with
mechanical mixing, followed directly by membrane filtration.

2996 | Environ. Sci.: Water Res. Technol., 2020, 6, 2993-3023

Coagulant dosages that have been considered range from
6.75 x 10" to 39.96 mg L™ Al and 22.00 mg L™" Fe. As for
Type 1, numerous studies considered coagulant dosages
optimized for turbidity and NOM removal,>****14344 while
others investigated a range of coagulant dosages** including
those below what is considered optimum for NOM removal
by sedimentation. Yao*® observed that while a low coagulant
dose led to higher total membrane resistance, when
compared to an optimum dosage for humic acid and
turbidity removal, irreversible fouling was lower. Wang"

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of coagulation/flocculation conditions for typical configuration types

Flocculation

Coagulation conditions conditions Sedimentation

Dose
Configuration (mg L™ Me") G (s t(s) G (s t(s) t(s) Ref.
Type 1: coagulation + no/incidental  0.34-10.00 N/A® N/A N/A 20-120 N/A 9, 22, 25, 27-32
flocculation 100-150 180 0-5.25 360-720
Type 2: coagulation + flocculation 6.75 x 10 "-39.96  100-184 60-180 14.85-80 600-1800 N/A 22, 26, 28, 29, 33-43
Type 3: conventional coagulation 0.04-9.23 100-300 rpm  60-180 5.25-60  360-1740 900-3600 8, 22-24, 39, 44-48

% N/A = not available.

examined a range of alum, PACI, and ACH dosages (1.7 to 8.5
mg L" Al), reporting low (1.7 to 3.4 mg L") and high (8.5 mg
L™") coagulant doses to aggravate membrane fouling. Thus,
the authors suggested that coagulant dosage for membrane
pretreatment be maintained between these low and high
dosage thresholds to minimize fouling by particles smaller
than the membrane pore size, and to avoid increasing cake
layer resistance from the accumulation of coagulant
hydrolysis products. Considering coagulant dosages ranging
from 1 to 300 uM Al (0.027 to 8.1 mg L™* Al), Ma*® identified
critical concentrations of 5 and 10 uM Al (0.135 and 0.27 mg
L™ Al) where membrane flux drastically declined due to
particle size. Ding"® highlighted the importance of charge
neutralization of meso-particles (20 nm to 0.5 pm) in
minimizing irreversible MF fouling.

For configuration Type 2, G and ¢ for coagulation have
been reported to range from 100 to 184 s ', and 60 to 180 s,
respectively. Flocculation G and ¢ ranged from 14.85 to 80
s, and 600 to 1800 s, respectively. Coagulation conditions
have frequently been simulated using a jar test, where high
mean velocity gradients (G ranging from 100 to 150 s™') were
applied for a short duration (¢ ranging from 60 to 180
§).2223284192 Compared to configuration Type 1, G values
during flocculation are approximately 3 to 15 times greater
and contact times generally longer. Howe and Clark®
incorporated a shorter contact time (240 s) to promote the
development of pin-floc, which are floc with relatively small
size when compared to those typically formed to promote
sedimentation.

2.2.3. Type 3: conventional coagulation. In addition to
flocculation,  configuration Type 3 also includes
sedimentation, where conditions are optimized for floc
growth and the reduction of turbidity or NOM during
settling. Coagulant dosages that have been considered range
from 0.04 to 9.23 mg L™ Al Several studies selected
coagulant dosage using jar tests, with optimum alum dosages
for turbidity and NOM removal ranging from 10 to 15 mg L™*
(0.92 to 1.22 mg L™ Al)*® and 30 to 70 mg L™" (2.76 to 6.44
mg L Al),>*** respectively. Optimization of coagulant dose
for biopolymer removal has also been considered.®”*>!
Carroll** and Kabsch-Korbutowicz*® used coagulant dosages
optimized for NOM removal of 3.20 and 3.59 mg L' Al,
respectively. Howe and Clark®® examined membrane fouling
following Type 3 for five different source waters with alum

This journal is © The Royal Society of Chemistry 2020

doses ranging from 0 to 50 mg L™ (0 to 4.50 mg L Al)
representing low dose, optimum turbidity removal, and
enhanced coagulation conditions. Generally, low dose
conditions exacerbated fouling, while enhanced coagulation
resulted in reductions. At an optimum dosage for turbidity
removal, reductions in membrane fouling were observed for
two of the source waters, no improvement for one, and
increased fouling for the remaining two. The latter three
cases coincided with poor NOM removal (<10%) since
coagulant dosages were not optimized for this purpose,
which was suggested to have contributed to increased
fouling. This emphasizes the importance of NOM as a
membrane foulant, and also the importance of differences in
water quality when considering coagulant dosages for
membrane pretreatment.

For configuration Type 3, G and ¢ after coagulation have
been reported to range from 5.25 to 60 s ', and 360 to 1740 s,
respectively. Mixing intensities for coagulation were not
reported in terms of G, but impeller speeds ranged from 100
to 300 rpm, and ¢ from 60 to 180 s. While the maximum
flocculation time for Type 2 was 1800 s (30 min) that for Type
3 is slightly lower, but still expected to be relatively long to
enhance floc development for subsequent settling. Settling
times prior to membrane filtration ranged from 900 to 3600 s
(15 to 60 min).>>*>"” For Type 3, it was also demonstrated
that tapered flocculation, or gradual reductions in mixing
speed (65, 40, and 25 rpm for 17 min each), could promote
the formation of larger floc size and greater removal of
turbidity prior to membranes.*

2.3. Operational variations

While the conditions for each configuration described in
section 2.2 provide an overview of the main alternatives,
there are several operational variations that may be applied
in each case. Yu®* examined the addition of polyacrylamide
(PAM) as a coagulant aid to reduce UF fouling, while Xu™>
investigated the use of titanium sulfate (Ti(SO,),) and UF for
treatment of waters containing algal organic matter. The
application of natural coagulants in drinking water
treatment, such as chitosan,>**> seed extract,’® and
starches,”” has been investigated in order to address the
sustainability of coagulation/flocculation.  Encouraging
results were obtained with respect to turbidity removal, as

Environ. Sci.: Water Res. Technol., 2020, 6, 2993-3023 | 2997
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well as in reducing membrane fouling when applied in
combination with Al-based coagulants. It was suggested that
pre-coating metal hydroxides prior to a permeation cycle may
reduce fouling and enhance the removal of organic matter by
forming a permeable, easily removable fouling layer.>*>*
Pronk® suggested establishing a protective fouling layer
would result in longer permeation cycle times, and examined
the application of phased coagulation as an alternative. By
applying 1 to 2 ppm FeCl; during the first 30 min of a 60
min permeation cycle, the authors observed similar total
membrane fouling when compared to continuous coagulant
addition. Phased coagulation would have the added benefit
of significantly reducing coagulant costs.

3. Impact of configuration types on
floc properties
3.1. Summary of results

Coagulation/flocculation, including coagulation conditions
(i.e. coagulant dose, coagulant type, pH) and hydrodynamic
conditions (ie. G value, contact time) can impact floc
properties such as floc size, growth rate, surface charge,
structure, and strength®>>® (Table 2). As the coagulation/
flocculation conditions of each configuration type differ, it is
anticipated that floc properties will also vary. Potential
relationships between coagulation/flocculation conditions
and floc properties for Types 2 and 3 have been highlighted
for results compiled from several studies (Table 8 and Fig. 7
and 8). Due to lack of data, similar figures were not included
for Type 1.

Floc structure is commonly characterized by fractal
dimension, Dy, which may range from 1 to 3.°° A Dy value of
one represents a linear aggregate having a mass proportional
to length, whereas a Dy value of three represents a uniform
aggregate with mass approximately equal to the size cubed.®" It
has been suggested that as the value of D; increases the
number of particle-particle bonds within the floc also increases
along with strength.®* However, while floc formed under sweep
flocculation conditions are compact, they are less dense and
may be more susceptible to compression under pressure.**

3.2. Type 1: coagulation + no/incidental flocculation

Studies that have considered configuration Type 1 have
investigated the impact of coagulant dose, type, and
hydrodynamic conditions on floc size, surface charge, and D¢
(Table 2). In general, floc sizes reported were smallest (~1 to
8 um) when compared to other configuration types. The size
range reported by Cho®® (49 + 5 to 63 + 5 um) is an exception
since contact time (20 min to 8 h) was extended in an effort
to determine the effects of hydrodynamic conditions on floc
properties. After 20 s of rapid mixing (230 rpm) and applying
low (1.12 to 1.67 mg L' Fe) and high (4.02 mg L™ Fe)
coagulant doses, Judd and Hillis*” reported particle
aggregation into 2 to 5 pum floc of <10% and 65%,
respectively. Similar observations were made by Cho®®

2998 | Environ. Sci.. Water Res. Technol.,, 2020, 6, 2993-3023
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following 3 min of rapid mixing where zeta potential was
near zero, suggesting that charge properties develop early in
the coagulation process.

For Type 1 hydrodynamic conditions, Amjad** reported
that floc formed at low Gt (1890) were at least an order of
magnitude smaller, and D¢ lower when compared to those at
higher G ¢ values (17 820 and 50 400). Cho®® observed that D¢
decreased over time (2.30 + 0.02 to 1.92 + 0.01) as floc
structure became less dense. While this was with rapid
mixing only, the contact time was relatively long (3 min to 8
h) and it is unknown if similar results would be observed at
shorter times. As it has been suggested that floc strength is
related to Dy, and since Dy increases with increasing particle
collisions,® it is expected that floc formed by configuration
Type 1 will have relatively low D¢ values and may also have
low strength.

3.3. Type 2: coagulation + flocculation

Studies that have considered configuration Type 2 examined
the effect of coagulant dose, type, pH, and hydrodynamic
conditions on floc size, growth rate, Dy, and strength
(Table 2) (Fig. 7). The reported floc sizes (10 to 740 um)
generally increase with increasing coagulant dose. Coagulant
doses below those required for charge neutralization may
lead to insufficient hydrolytic coagulant species and poor floc
formation.***> Chakraborti®” suggested that at a low alum
dose (3.33 mg L") that there was insufficient coagulant
present to cause significant floc growth within the first 10
min (600 s) of flocculation. It has also been reported that at
coagulant doses below those optimized for NOM removal by
sweep flocculation, Dy values are also lower.*>**

With respect to coagulant type, Feng®' observed that
monomeric AlICl; resulted in larger floc size at pH 6.0 than
polymeric coagulants. Similarly, at pH 6.0 and optimum
dosages for humic acid removal (7 to 13 mg L"), Wang®
reported that floc size was largest for aluminum chloride
(AlCl;) followed by polyaluminum chloride (PAC-1) and
purified polyaluminum chloride (PAC-2), and that the
corresponding growth rates were 0.59, 0.50, and 0.64 um s,
respectively. The authors identified a lag time in floc
formation where minimal growth occurred over the first 70
to 140 s of flocculation, followed by a growth period from
420 to 665 s. This lag is longer than that reported by Judd
and Hillis,”” where floc growth was observed within 20 s
using an Fe-based coagulant. Wang®® suggested that
amorphous aluminum hydroxide (Al(OH);) produced by alum
resulted in the formation of porous floc (i.e. low Dg), while
aluminum polymers formed clusters and chains of small
spheres with higher D;. At pH 6.0, Feng®' reported that
AICl; produced floc with higher D¢ than PAC-1 and PAC-2;
however, the variance in Dy values was <5%. Dong43 also
reported that monomeric coagulant species form the highest
density floc around neutral pH.

The predominant coagulation destabilization mechanism
at various pH levels affects floc size, growth rate, and Dy

This journal is © The Royal Society of Chemistry 2020
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peak./ Floc sizes after flocculation, but before settling.
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Results indicate that at acidic pH (4.0) larger steady-state floc
size can generally be achieved when compared to more neutral
or alkaline pH (6.0 to 8.0), while growth rates followed an
opposite trend.""** Low growth rates at acidic pH (4.0) were
attributed to the predominance of charge neutralization by
monomeric coagulant species, while at pH 6.0 and 8.0
monomeric coagulant species were rapidly transformed into
polymers and solid precipitates. It was suggested that larger
floc formed at lower pH because of charge neutralization and
complexation, which involves stronger forces than sweep
flocculation. Compared to more neutral and alkaline pH
(>6.0), observations indicate that D is typically lower at acidic
pH (4.0).>**"** The formation of more compact floc at higher
pH was attributed to sweep flocculation. Yu® applied breakage
tests as an indicator of floc strength, where floc were exposed
to a high G value (184 s™') and changes in size measured. It
was observed that floc with low D¢ produced smaller particle
sizes (~38 to 58 um, 41 to 60 um) than floc with higher D¢ (~76
to 102 pum, 130 to 133 pum), suggesting that D; has a positive
correlation with strength. Feng®' and Dong®® also reported
rapid breakage for floc formed at pH 4.0 when compared to
those formed at alkaline pH suggesting lower strength. Results
indicate that sweep flocculation produces floc with higher D¢
than charge neutralization, and that the D¢ of floc formed by
monomeric coagulants is higher at acidic pH and lower at
alkaline pH when compared to polymeric coagulants.

Previous studies have examined the impact of G value and
contact time on floc size and Dy. A positive correlation between
contact time and floc size has been reported in multiple
studies.”®?” At a G value of 45 s™*, Cho®® observed that floc
size increased (90 + 9 to 447 + 23 pm) as contact time
increased from 20 min to 8 h, while D¢ decreased (2.29 + 0.04
to 1.89 + 0.01). The observation of a decrease in Dy with contact
time is unexpected, and while an explanation was not provided
it may be related to the dramatic increase in floc size. Lower G
values are expected to result in larger floc size,>>®* while
higher G values result in greater D than floc formed by Type
1.2*%>%7 Floc formed at higher G values are expected to be
more compact due to increased particle collisions, floc
breakup, and restructuring. As floc grow, cluster—cluster
interactions become more important and smaller compact
clusters have the chance to penetrate the pores of larger flocs.

3.4. Type 3: conventional coagulation

Only one study has considered the impact of configuration Type
3 on floc properties,” investigating the effect of hydrodynamic
conditions on floc size and Dy (Table 2). After flocculation, floc
sizes (~1 to 303 um) are of similar magnitude as those of Type
2 conditions; however, neither floc size nor Dy were reported
after sedimentation. Therefore, the reported floc sizes are
expected to be larger than those that would have been present
during subsequent membrane filtration, as larger floc would
have been removed by settling. Amjad* reported that floc with
higher Dy values were not preferentially removed by settling,
and that the Dy values of floc that were settled and those that
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were not settled were not statistically different. While high D
values may indicate more compact floc as mentioned in section
3, it is not necessarily an indication of higher density or floc
that are more readily settled.

4. Impact of configuration types on
membrane fouling

4.1. Overview of membrane fouling theory

As discussed in section 3, coagulation/flocculation
configuration types dictate floc characteristics, which
combined with membrane operating conditions, including
flux, transmembrane pressure (TMP), and dead-end vs.
crossflow modes, influence membrane fouling.**%%¢
Membrane fouling depends on the mass flux of floc to the
membrane surface as well as particle adsorption on the
membrane surface and in membrane pores. Particle-
membrane interactions initially dictate cake layer formation,
followed by particle-particle interactions that may become
more prominent once a cake layer has formed. Total
membrane resistance, R, which increases with time, can be
quantified using the relationships in eqn (1) and (2):"”

AP
Rio = R Reit) = 7 ey

Rc(t) = Rrev(t) + Rirr(t) (2)

where R, is the intrinsic membrane resistance to flow, and
Ry is cake layer resistance at time ¢, AP is the TMP, u is the
dynamic viscosity, J is the membrane flux, R,y is the
hydraulically reversible fouling resistance at time ¢, and Ry
is the hydraulically irreversible fouling resistance at time t.
R is determined by eqn (3), with the empirical relationship
for specific cake layer resistance, o, described by Carmen's
equation (eqn (4)):%”

Rc(t) =aM = O.’]Cb (3)
180(1-¢

e g
&ppdp

where M is the mass flux of foulant deposited onto the
membrane surface, Cy, is the bulk concentration of particles,
¢ is the cake porosity, p, is the particle density, and d,, is the
particle diameter. According to eqn (3), R is the resistance
due to mass of foulants accumulated on the membrane
surface per unit area at time ¢, while eqn (4) indicates that «
is the resistance per unit mass of foulant. Membrane fouling
may also be quantified as specific hydraulic resistance, R,
which is the resistance per unit depth of foulant as expressed
in eqn (5).°®

R. Os] )

APy = Jp <Rm + 0.-0,

®)
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where AP, is the TMP at time ¢, @; is the volume fraction of
solids in the feedwater, and @. is the volume fraction
deposited in the cake layer. Eqn (5) was applied by Judd and
Hillis>” to quantify membrane fouling for a constant flux-
variable pressure system, while Pikkarainen®® applied it to a
constant pressure-variable flux system.

4.2. Summary of results

This section discusses the impact of coagulation/flocculation
configuration types on membrane fouling in terms of
resistance (i.e. resistance to flow), fouling rate, as well as
hydraulically and chemically reversible/irreversible fouling.
For comparison with configuration types, results for
membrane filtration with no coagulant addition have also
been included. Published results on the impact of
coagulation/flocculation configuration types on membrane
resistance (i.e. total resistance, cake layer resistance, specific
cake layer resistance, specific hydraulic resistance) for MF
and UF are summarized in Tables 3 and 4, respectively.
Results for membrane resistance are presented graphically in
Fig. 3-5 and discussed for each configuration type in sections
4.3 to 4.5. As results are limited and experimental conditions
(e.g. water matrix, coagulant dose, pH, hydrodynamic
conditions) vary across studies, it is difficult to observe trends
when comparing the configuration types. Amjad*? is the only
known study to compare the impact of all three configuration
types on membrane fouling with similar experimental
conditions, highlighting the need for further research to
address current knowledge gaps. Potential relationships
between coagulant dose and membrane resistance for MF and
UF have been highlighted for configuration Types 1, 2, and 3
with results compiled from several studies (Fig. 9-11).

4.3. Type 1: coagulation + no/incidental flocculation

4.3.1. Resistance. Several authors reported a decrease in
both total membrane resistance and specific hydraulic
resistance with increasing coagulant dose, whereby thresholds
were observed above or below which resistance increased”?”**
(Tables 3 and 4) (Fig. 9). Judd and Hillis>” observed that with
increasing coagulant dose the percentage of particles in the
size range of 2 to 5 pum increased, which would be expected to
reduce internal fouling and specific hydraulic resistance. At
dosages <0.035 mM Fe (<1.95 mg L' Fe) formation of floc
with diameter less than the membrane pore size resulted in
higher specific hydraulic resistance than with no coagulant as
well as increased internal fouling. Similar observations were
reported by Choi and Dempsey®> for total membrane resistance
at a low coagulant dosage (0.59 mg L™ Al) and alkaline pH
(7.47 and 8.73). Applying increasing doses of FeCl;, Pronk’
reported approximately equal total membrane resistances
(~7.4 x 10" m™) during the first permeation cycle, then
increasing resistances over the next three cycles due to the
formation of a thicker, less permeable cake layer. The same
authors observed similar membrane resistance for continuous
vs. phased coagulation, where 2 ppm (0.68 mg L Fe)

Environ. Sci.: Water Res. Technol., 2020, 6, 2993-3023 | 3001


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ew00461h

View Article Online

Environmental Science: Water Research & Technology

Critical review

50T x 00°C ,0T x 00°L /HOV
00T x 09°'T ,0T X 00°9 (Iv) 13w g8
60T x 0F'T ,0T x 009 (Iv) 13w g'9
00T X SO'T ,0T x 00°9 (Iv) ,_18w T°g
o0T X 0L°T 0T xSTT (Iv) 18w $¢
(1v) 18w 9
/1DVd
GOT x OT'T ,0T x 00°€ (Iv) 13w g8
50T X 06°0 ,0T x 00°€ (1v) ;13w g9
00T x 0£°0 0T x ST (Iv) 18w T°g
50T x 05°0 ,0T x 05T (reurwou) (Iv) 18w ¢
0T X §6°0 ,0T x 0S°9 wrl 220 €g Hd (Iv) 138w 9'C
oL x ST'T ,0T X 00°6 dMAD 18w gy (Iv) ;18w £'T
4 V/N V/N 0000¢€ 002T S¢ 0009 09 00T AN (VH) onoqauis jwnyy
(ueow)
0T X 6T LOT X 0°€ wnr 720 6'2-8'2 Hd (Iv) Ww 80°0/d[Dvd
0T X LT 0T X '€ ddad  D0d ,_T3W €1°¢-0°¢ (Iv) W 80°0/q10Vd
ve V/N 0T X 7'8 VIN 0T X6T V/N utw ST wdi o V/N urw T wdi 00z AN (VH) onayjuds (Iv) Ww 80°0/B[DVd
uonemddof + uonemnsgeod :g adAy,
wn 6§70 z1-¢ Hd
ENQIENS) T Sw 91-1
€9 VIN  4¢;0T X £0°S-6%°0 V/N VIN VIN VIN VIN V/N U 0Zz-0T ovT V/N saponted xareT jue[nSeod oN
10T X T9T D0d ,_T3w 0'1
10T x §'8T 00d ;13w 91
10T x 09T D0d ;13w 0'C
LOT x TP wrl 170 D0d ,_T 38w &0
LOT x T'PT Aaad D0d ;T38w T
0L V/N VIN V/N V/N V/N V/N VIN VIN 00T AN IoAry (1v) ;13w ¢/[Dvd
0T X 0°S (0d) W 2£0°0
90T X 0°€ (1) W #50°0
00T X 0'F (ueow) (od) W 57070
00T x 0°9 wr 170 75~ Hd (1) W 9£0°0
40T X ST sad DOL , 18w ¥z (od) INW £T0°0/pased-2d
L2 0T x0T VIN V/N VIN VIN VIN VIN VIN 08T wdi1ogT AN I10AIISY jue[nSeod oN
20T X 98°T ys
20T X 05°C qv (reurwou)
20T X 0T°€ yzc wri 2z°0 v/N Hd
20T x §9°¢ yr dMAD D0d ;T 8w ¢-¢
8¢ V/IN 20T X IT'F V/IN V/N V/N V/N V/N V/N uru 0g 0ST AN I2ATY (fF0°1v) |1 8w gr°¢
10T X 06°S rennau orrydoIpAH
10T x 08°'T padxeyd orrydoipAH
10T X 00°C sproe orfiydsuelt,
10T x 0T'€ (reurwou) sp1oe o1qoydoIpAH
wnl 220 ¥'2 H1d
dHAD D0d ;18w ¢
69 V/N VIN V/N VIN VIN VIN VIN VIN »VIN AN I9yem 90BJING jue[n3eod oN
UONE[NIIO[J [EIUIPIdUL/OU + UoNENIe0d T 3dAT,
‘Jod (, ) (B w)o (,_w) (;_w) E5) (s) (,_8) [5) (s)owiL  (,_8) O adfy 19)eMPad] adesop/yue[ndeon
o 02y Oy sy, P) SUBIqUIDIN
J0URISISAI QUBIQUIDIA uone[ndd0[g uonengeo)

UONRNIJOIDIW 1O} 3DUR)SISD durIqUIBW UO sadA) uoneinbyuod uoneINd0)/uoheINBROD JO 108YF € dlqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd €T:T0:6 S202/7/2T U0 papeo|umoq “0zZ0¢ Bquisides g0 Uo paus!|dnd 9101y ss800y uadO

This journal is © The Royal Society of Chemistry 2020

Water Res. Technol., 2020, 6, 2993-3023

Environ. Sci.:

3002


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ew00461h

View Article Online

Critical review

Environmental Science: Water Research & Technology

"ed3] 08-0 JO SUBI dIAL € 1940 PIUIULIIAA ,, I[]E[IBAR JOU = V/N ,,

20T X 0°F
0T x 7°€
20T X 0°€
20T X 6T 13w 001
10T X &% (reurwou)
10T x §°F wrl 7Z°0 8-, Hd
LOT X 0T Jaad DOL ,_.T3W §'2-0'C
% V/N 0T x §°€ V/N V/N V/N umu oz wdiog V/N urwr ¢ wdi 0T AN IoATH LT 3w or/unpy
uonem3eod euonuaAuod :¢ adA,
;10T X 86°0 LGOI X ST'T NW £2°0
LOT X IF'T 10T x LT'T NW 8T°0
0T x 68°T 10T X 7670 NW 60°0/10°4
10T X 69°0 10T x T0°C NW T€°0
0T X 820 10T X 92°0 NW 22°0
;10T x 85T 0T x €0°T NW €1°0/70Sod
10T X 80°T 10T x SP'T NW S7°0
40T X 62T 10T X TT'T INW 0€°0
40T X T9'T 10T X 68°0 wrl zZ°0 NW ST°0/[DVd
0T X TL0 10T x €£°0 9je3a08 1,.-6'9 Hd W €€°0
101 x 78°0 10T X T9°0 aso[n[PD  DOd ,_T3W 18°/-0€°9 NW 22°0
8¢ ,,0T xO0T'T V/IN ;0T x6¥%°0 VIN V/N 06-0¢ wdi og V/N 09 wdi o€ dN [eInjeN W TT°0/"0S“V
20T X 02°0 ys
10T X §T°0 q¥ (reurwou)
20T x 09°0 yze wrl 220 V/N Hd
20T X 0£°0 qr dMAD 00d ,_T 3w ¢-¢
8¢ VIN <107 x 080 VIN V/N V/N Ui 0c S¥  000<L¢ urur € 0sT JN 1oad  (FO9v) T 3w 8T¢/[DVd
,0T x 02°C ,0T X 00°L (Iv) ,_ 18w g8
60T X 06'T L0 x 00°L (1v) /13w g9
00T x 0S°'T ,0T X 00°L (Iv) 18w T'g
,0T x 02°C 0T x0°CT (Iv) ;13w $¢
o0T X 0S°F ,0T x 0°S¢ (v) ;18w 9¢
‘79d (, w) (B w)o (,_w) L) F5) (s) (,-8) -5 (s)owrL (,.8) © adky 191eMPasg adesop/yue[ndeo)
o 02y Oy s, b) SUBIqUIDI
90UB)SISAI QUBIQUIIA UOIB[NII0[] uone[ndeon

(panupuo) ¢ alqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd €T:T0:6 S202/7/2T U0 papeo|umoq “0zZ0¢ Bquisides g0 Uo paus!|dnd 9101y ss800y uadO

Environ. Sci.. Water Res. Technol., 2020, 6, 2993-3023 | 3003

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ew00461h

View Article Online

Environmental Science: Water Research & Technology

Critical review

'@ 0S §'c-8'% HA
sad DOL ;T 8w 0T 18w oL
T VIN 10T X €6°G-LT°€ V/N V/IN 0681 09¢ ST'S 009CT V/N VIN an (VH) onay3uis jwnpy
0T X 70T-€°6 Judd o 1/0°C
0T X TOT-F'L wdd o°¢
10T X 6'8-¥'L ODMIN wdd 0
'@ 00T V/N Hd wdd 0’1
0T X T8-F'L sdad D01 qdd 606¢ /f10°4
6 VN V/N V/N 10T X 0°6T-L'6 VIN VIN VIN V/N V/N VIN an et jue[n3eod oN
00T x 0T IV ;. 13W ¢6'C
00T X 68 IV . T3W $¢'g
00T X £ IV, T3wosT
00T X 9 v 18w LTT
10T X G€ ODMIN IV ;T 3W 65°0
e 00T €£'8-18'% Hd IV ;T 3W 65°0
00T x OTT sdad V/N DO jamnyy
€ VIN V/N V/N 00T x TT V/N V/N V/N V/N unu e wdio9 an (VH) snoyauds jue[ndeod ON
10T X 09°7-00'F DWW T +
0T X 08'T Vs
10T X 00°7-06"€ LB W T +
10T x 0S°8 (VS/vH) €31
10T X 06°€-01°€ 28D WW T +
;0T X 0L°S (VS/IVH) T:1
10T X §T°T-0T°T 28D WW T +
0T x 0T'F (VS/VH) T:¢
10T X 05°€-00°€ 2BD W T +
10T X 0S°T VH
8z Hd
ODMIN DOL
B 0ST 18w ot
sdad (VS/VH)
I VN V/N VIN V/N V/N V/N V/N V/N VIN an onayIuhg JuE[NSEe0d ON
20T X LS _T3w 06°0
20T x 8°€ 113w 68°0
20T X €6 13w 080
20T X 6°€ 13w 90
20T X 0°€ 13w £5°0
20T X 0°F 13w 50
20T X T°€ 13w 150
20T X €T 13w 050
20T X 9°€ 13w 250
20T x0T 13w 20
40T X ¥'C ODMIN 18w g0
B 0ST V/N Hd
Sdad (s1owjodorq)
TL VN V/N VIN V/IN V/N VIN V/N V/N »VIN an et jue[ndeod oN
UONB[NIIO[J [eIUIPIdUI/OU + UoNENIeod T ddAT,
P (L w) (B w)o (j_w) (Lw) Oy ) (s)owrr (,_8) O ) (s) (.8) o adhy 19eMpadg  a3esop/iue[ndeoD
o 0y QL] SQUBIqUIDIN
90URISISAI SUBIQUIDIA uonemII0[g uonengeo)

uonesyjeN J0j ddUL)SISaI dueIqUISW UO sadA} uoneInbuod uoneINdo0)/UoneINGROD JO 103))F dgel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd €T:T0:6 S202/7/2T U0 papeo|umoq “0zZ0¢ Bquisides g0 Uo paus!|dnd 9101y ss800y uadO

This journal is © The Royal Society of Chemistry 2020

3004 | Environ. Sci.: Water Res. Technol., 2020, 6, 2993-3023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ew00461h

View Article Online

Critical review

Environmental Science: Water Research & Technology

¢ 9dA7, 10] pajyuasaid A[uo eyep 21030113 ‘Apnys ur paysindunsip jou 1 adLJ, sanfea

1oddn ‘g 2dA£T, jo reord£) a3uer ur sanfea 1omoT , 94> uoneswIad UIW (9 B JO UIW 0€ ISIY 1240 S9[0Ad Juanbasqns ur widd 1 pue 994> 3811y Sunnp pasop ¢[Dag wdd ¢ , *3[qe[IeAt J0U = V/N ,,

10T x SL°TT-6T°8 £€0F 1’8 Hd 18w ST
DOL 13w S0
10T X STTT-59°G 1 138W 66°¢ [ungy
10T X 00°LT-S9°FT ToATY jue[n3eod oN
10T x 08°£-50°C 210 ¥ $0°8 Hd LT3wGr
DOL 18w g0
10T X 08-S0 (T3W 90°0 ¥ STH /unpy
10T x 07°€1-09°8 e jue[n3e0d ON
10T x 08'0T-59'G (reurwou) 20 ¥ 818 Hd LT3 sy
wr $0°0 DOL 18w g0
0T X 0€°2-0€'F AdAd [ T8W 800 F €1°C [angy
8 VN V/N V/N 10T X §T'8-00F V/IN V/N V/N V/N V/N V/N an ayeT jue[n3eod oN
ODMIN §'¢-8'% HA
0T X 16 TT-6T°6 00¥ 0S 002T 00T B 0S DOL
10T X 08'6-96°Z 028 L1 00TT S8V sad (13w ot (18w oz
T VN 10T X 6L°9-LE"E V/N V/N 0681 09¢ ST'S 009¢CT V/N V/N an (VH) snayaudg [angy
uonem3eod [euonuaAuod :¢ adAy,
(reurwou) 8',~¢L Hd
wrl 10°0 ooa  (fo9v) wdd Ty
0T X T'T—, 0T X 09 0T X 7'S-8'T 009€-008T  ,05€-8¢S sd wdd 6'z-¢'C /1ovd
6C  VIN 0T X §°0-T°0 VIN V/N V/N V/N V/N an ToATY jue[n3eod oN
O DMIN 6¢-8'v HA
e 0S DOL
0T X 0T°S-0T°¢ 00% 0S 00°C¥ sad 18w ot 18w 0L
VN 10T X 9T F=L1°€ V/N V/N 0T8 L1 002T S8FT  009¢CT V/N V/N an (VH) onayaudy jwn(y
uonemadopy + uonemdeod :g adAT,
(reurwou) g'/-7, Hd
wrl 1070 nod (Fo%v) wdd 1'%
0T X 0°6-0"L Sd wdd 6°z-¢'¢ /IOVd
6C VN 0T X §0-T°0 ;0T x L°€-T'C V/N V/N 0cL 0 V/N V/N V/N an ToAry jue[n3eod oN
ODMIN
P (L w) (B w)o (;_w) (Lw) Oy ) (s)owrr (,_8) O ) (s) (.8) o adhy 19eMpadg  a3esop/iue[ndeoD
o (yy oLy, SQUBIqUIDIN
90URISISAI SUBIQUIDIA uonemnII0[g uonengeo)

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

"INd ET:T0:6 G20Z/7/2T U0 popeojumod ‘020 Jequisldss 80 Lo paus!idnd 801l Ss300y uado

(ponunUod) § S1qeL

Environ. Sci.. Water Res. Technol., 2020, 6, 2993-3023 | 3005

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ew00461h

Open Access Article. Published on 08 September 2020. Downloaded on 12/4/2025 9:01:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical review

le+13 a.
—
le+12 i
- é ==
¢
E le+11 i
8 le+ | -
: |
K NA NA NA
le+10
1e+09
MF UF MF UF MF UF MF UF
No coagulant Typel Type2 Type3
le+l b.
le+12 E
Kl :
: |
H &
% i
& 1es11 4
H
K
P NA NA T NA
S
le+10
——
le+09
MF UF MF UF MF UF MF UF
No coagulant Typel Type2 Type3

View Article Online

Environmental Science: Water Research & Technology

1e+16 c
ferts @
T lernd ——
_;E‘- =4 == v
S le+13 .
E - q:
§ 112
o #
] ]
& le+ll
-
P
-
] ;
Q 1e+10 N/A
&
g *
& 1e+09
o
16408 8
1e+07
MF UF MF UF MF UF MF UF
No coagulant TIypel Type2 Type 3
le+18 d.
| —— i
le+l i i
le+16 o
~ le+15
5 le+14
¢
8 1e13
8
& let12
&£
g letll .
®
= le+10
& N/A N/A N/A N/A N/A
-i 1le+09
=
@ 1e+08
1e+07 &
. s
1e+06 ||
1e+05
MF UF MF UF MF UF MF UF
No coagulant Typel Type 2 Type 3

Fig. 3 Performance for a. total resistance, b. fouling resistance, c. specific cake layer resistance, and d. specific hydraulic resistance for
coagulation/flocculation configuration types. Note: boxes represent the 25th to 75th percentiles, whiskers the lowest and highest values up to 1.5

times the inter-quartile range. N/A = not available.

coagulant was added for only the initial 50% of the duration of
the first permeation cycle, followed by 1 ppm (0.34 mg L™ Fe)
for the initial 50% of the duration of subsequent cycles. The
ability to achieve similar or lower total membrane resistance
with phased coagulation has the potential to significantly
reduce coagulant requirements.

There are no apparent trends in the results for total
membrane resistance (Fig. 3a); however, both Pronk® and Choi
and Dempsey®” reported lower fouling for configuration Type
1 when compared to no coagulant addition. The limited
results presented in Fig. 3b suggest that cake layer resistance
for UF may be lower for configuration Type 1 when compared
to no coagulant and Type 3, but higher when compared to
Type 2. It was suggested that greater specific cake layer
resistance for Type 1 could be due to the formation of smaller
floc, which may form a less permeable cake layer when
compared to the larger floc formed by configuration Type 2
(ref. 22 and 29) (Fig. 3c). As noted by Amjad,* specific cake
layer resistance for Type 1 is likely to be lower when compared
to that of Type 3 because of smaller floc that remain following
settling (Fig. 3c). Specific cake layer resistance has been
reported to decrease as rapid mixing time increased (20 min to

3006 | Environ. Sci.. Water Res. Technol,, 2020, 6, 2993-3023

8 h) due to a decrease in the fractal dimension of floc.*® Lower
fractal values may not reduce resistance where compression
occurs, although this may be negligible when operating under
low or moderate pressures (e.g. <40 kPa). Amjad** observed
that while cake layer thickness and resistance increased over
the duration of a permeation cycle, porosity also increased.
4.3.2. Fouling rate. Results from multiple studies indicate
that the duration of membrane permeation cycles (i.e. the
time between required hydraulic and chemical cleaning) can
be increased using coagulation/flocculation pretreatment by
producing floc that is larger than the membrane pores®”*’
(Tables 5 and 6) (Fig. 4a and b). Low coagulant dosages may
either exacerbate or reduce fouling rates (i.e. rate of TMP
increase), impacting permeation cycle duration. Where
partial charge neutralization occurs, incomplete aggregation
may result in floc that are smaller than membrane pores thus
increasing internal pore blocking.”” However, where floc are
sufficiently small, and foulant-membrane interactions
limited, particles may also pass through the membrane filter,
which would reduce fouling. Amjad®* reported lower flux
decline (~25.0% L") over a permeation cycle for flocculation
with low G¢ when compared to flux declines for medium

This journal is © The Royal Society of Chemistry 2020
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(~36.7% L) and high Gt (~36.7% L', ~30.0% L™
(Table 6). Low flux decline with low G ¢ coincided with the
smallest floc size and lowest solids removal (60.3%).

4.3.3. Reversible/irreversible fouling. Membrane flux can be
recovered to varying degrees by hydraulic and chemical
cleaning. For configuration Type 1, hydraulically and chemically
reversible fouling ranged from 9 to 99% and 0 to 100%,
respectively (Table 7). The results in Fig. 5a and b indicate that

This journal is © The Royal Society of Chemistry 2020

for UF the mean value of hydraulically reversible fouling
increased and that the mean value of chemically irreversible
fouling decreased for Type 1 when compared to no coagulant.
Regarding hydraulically reversible/irreversible fouling for UF,
the mean values for Type 1 are similar to those reported for
Type 3. The higher percentages of hydraulically reversible
fouling reported by Judd and Hillis*” (88 to 96%) when
compared to those reported by Kimura et al.”® (9 to 24%) may
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be partially due to greater backwash frequency and intensity.
Backwashes were conducted once every 10 min at 200 LMH in
the former case, and once every 30 min at 94 LMH for the latter,
which suggests that greater backwash frequency and intensity
could increase the degree of hydraulically reversible fouling.
Several studies investigated the impact of coagulant dose
on reversible/irreversible fouling. Applying a range of

3008 | Environ. Sci.. Water Res. Technol., 2020, 6, 2993-3023

coagulant dosages at various pH levels, Choi and Dempsey**
observed comparatively high hydraulically and chemically
reversible fouling for a low coagulant dose (0.59 mg L")
(99% and 97%). This may have been due to partial charge
neutralization, and formation of floc with a slightly negative
charge that are more readily removed from the negatively
charged membrane surface. Depending on coagulation

This journal is © The Royal Society of Chemistry 2020
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conditions, results suggest that there may be a trade-off
between greater membrane fouling and more frequent
cleaning, as well as the recovery of permeability (ie.
increased fouling but higher permeability recovery). While
specific hydraulic resistance decreased with increasing
coagulant dose, Judd and Hillis*” reported that the ratio of
hydraulically reversible/irreversible resistance remained
approximately the same at all coagulant dosages.

4.4. Type 2: coagulation + flocculation

4.4.1. Resistance. Typically, both cake layer and specific
cake layer resistance for configuration Type 2 are expected to
be lower than those for Type 1 due to the formation of larger
floc>®**% (Tables 3 and 4) (Fig. 3b and c). However, the
impact of intra- and inter-aggregate porosities has been
reported to be a contributing factor to cake layer resistance as
well.?>** Amjad®” reported similar resistance for configuration
Types 1 and 2 despite the formation of larger floc, which
would be expected to result in greater inter-aggregate porosity.
This could be due to floc formed by Type 1 conditions being
associated with lower Dy, which would result in higher intra-
particle porosity despite smaller size. In addition, the authors
suggested that while Type 2 results in the formation of larger
floc with higher D¢ when compared to Type 1, cake layer
restructuring caused the specific cake layer resistance for Type
2 to decrease over time, eventually converging with that of
Type 1. Wang** reported that smaller floc formed using
monomeric alum coagulant resulted in the formation of a
more porous cake layer than that of polynuclear PACI and
aluminum chloro-hydrate (ACH), which may form gels and a
tight cake layer structure. This could be attributed to the alum
flocs having lower Dy, and greater intra-aggregate porosity.
Where D¢ values are similar, larger floc would still be
anticipated to result in lower cake layer resistance.*® For cake
layers formed by particles with diameters of 400 and 40 um, at
a pressure of 40 kPa the reduction of inter- and intra-particle
porosities were 67% and 88%, and 14%, 29%, respectively.®®
The significant reduction in inter-particle porosity indicates
that the inter-particle porosity of particles has a greater effect
on the overall cake layer porosity, which may be anticipated
since inter-particle voids are expected to be larger when
compared to intra-particle voids. Lee’”> suggested that the
effect of pressure on intra-particle permeability is significant
for small floc (e.g. 8.1 to 17 um) while it has little influence on
large floc (e.g. 40.6 to 48.5 um).

Operating MF membranes in dead-end mode, Lee**
reported that relative specific cake layer resistance
(Qtcoagutation/ Oraw) Was lower when charge neutralization was
the destabilization mechanism (<0.7) when compared to
sweep flocculation (>1.0). Floc size distributions were similar
for both mechanisms, thus it was suggested that the
difference was due to floc compressibility, where floc formed
under sweep flocculation three times more
compressible than floc formed by charge neutralization. That
floc formed by sweep flocculation are more compressible
appears counter-intuitive given that several studies have

were
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reported that floc formed by sweep flocculation have higher
Dy than those formed by charge neutralization. However, the
higher compressibility of floc formed by sweep flocculation
may be due to their higher water content, while at the same
time they are gelated, more compact, and less porous
because of being predominantly made up of aluminum
hydroxide precipitates.** Lee** suggested that floc formed by
charge neutralization consist of aluminum cation and
inorganic/organic complexes that are less compressible.

4.4.2. Fouling rate. Similar to configuration Type 1, several
studies have reported that the rate of membrane flux decline
can be reduced by configuration Type 2 (ref. 24 and 33)
(Table 6). Evidence suggests that the fouling rate for Type 2
can be lower than that for Type 1, as longer permeation
durations have been observed with both crossflow (1 m s
crossflow velocity) and dead-end modes for the same
coagulation conditions® (Table 5). This is expected given the
observation that configuration Type 2 produces larger floc,
which are expected to result in a more permeable cake
layer.”>*®?° As such, it follows that as mixing time increases
during both coagulation and flocculation, fouling rate
decreases.”® When compared to configuration Type 3, for
medium and high Gt followed by direct filtration Amjad>*
observed lower specific cake layer resistances for Type 2, but
a greater rate of flux decline. This was attributed to a greater
mass flux towards the membrane surface without settling.

Again, it was observed that a threshold coagulant dose
exists below which fouling rate may increase. However, it
may also be the case that low coagulant doses result in lower
flux decline due to insufficient floc development and fewer
particles being retained on the membrane."”” Ma®® observed
critical doses of Al that resulted in dramatic flux reduction
for water matrices containing humic acid (HA), bovine serum
albumin (BSA), and a 1:1 mass ratio of HA/BSA, which were
mainly induced by particle size. Flux decline varied slightly
with pH for HA and significantly for BSA solutions, indicating
that NOM type plays an important role in fouling. Dong*
reported that at pH ranging from 7.0 to 9.0 flux declines were
more dramatic than at pH ranging from 4.0 to 6.0. It was
suggested that lower fouling rates at lower pH were due to
either greater floc size or lower Dy In addition, the better
performance of FeCl; and polyferric chloride with basicity of
1.0 (PFCy) at pH 6.0 and 7.0 was attributed to the
predominance of monomeric and polymeric species.”’

4.4.3. Reversible/irreversible fouling. Yao®® observed lower
overall fouling at a coagulant dosage optimized for turbidity
and humic acid removal (0.1 mM Al), compared to fouling at
a low dose (0.025 mM Al) (Table 7). However, at the low dose
a greater proportion of fouling was hydraulically reversible,
while hydraulically irreversible fouling was only slightly
lower. Thus, it was suggested that the application of low dose
coagulation be investigated further. As discussed in section
4.4.2., Amjad®* observed lower specific cake layer resistances
for configuration Type 2 than for other configurations, but
greater rates of flux decline. Since porous cake layers are
likely easier to remove by hydraulic backwashing, the
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combination with greater flux decline indicates that there
may be a trade-off between greater hydraulic and chemical
cleaning efficiency and higher cleaning frequency because of
more rapid flux decline.

4.5. Type 3: conventional coagulation

4.5.1. Resistance. Floc that are removed by settling during
Type 3 do not directly contribute to membrane fouling,
instead it is the properties of the particles that remain after
settling that contribute to membrane fouling. As discussed in
section 3.4, there may be cases where the Dy of particles
remaining after settling is similar to that of the settled floc.
Amjad** observed similar cake layer fractal dimension, D.,
with (2.943 + 0.007 to 2.987 + 0.005) and without settling
(2.931 + 0.001 to 2.977 + 0.003). Despite similar D., specific
cake resistance was higher when floc was removed by settling
than without floc removal (Fig. 3c). The authors suggested
that this was due to the remaining particles being smaller
and packing into less porous cake. The same authors also
observed effective cake porosity to typically increase with
permeation time, a phenomenon attributed to breakup and
restructuring of floc within the cake layer.”>”"*

4.5.2. Fouling rate. Carroll** reported no change in the rate
of flux decline when examining configuration types with or
without settling (Table 6). Comparing both configuration types,
the portion of the fouling rate associated with floc could be
separated from that associated with dissolved NOM. The authors
suggested that dissolved NOM, which remained following
settling, was the main contributor to membrane fouling. When
comparing low, medium, and high G¢ conditions followed by
settling, Amjad** reported lower rates of flux decline with
settling (ranging from 17.3 to 24.0% L") than without settling
(ranging from 25.0 to 36.7% L), likely due to the reduction of
solids in the feedwater when measured gravimetrically. Multiple
studies have reported similar flux declines when evaluating raw
water and water following coagulation with an optimum
coagulant dosage for turbidity removal,**** suggesting NOM as
being the main contributor to flux decline. At higher coagulant
dosages more suitable for NOM removal (3.2 to 4.0 mg L™ AI*),
reported flux declines were much lower.

4.5.3. Reversible/irreversible fouling. Limited information
exists regarding both hydraulically and chemically reversible/
irreversible fouling for configuration Type 3. However, since
the particles remaining in feedwater following settling are
expected to be small, it has been suggested that they will
form a less porous cake layer that may be more difficult to
remove during hydraulic and chemical cleaning.*”> Thus,
while the rate of flux decline may be slower with Type 3, the
resulting cake layer properties may have important
implications for the reversibility of fouling. Additionally, as
NOM has been identified as an important contributor to
membrane fouling,*"" the potential to achieve greater
removals of NOM prior to membrane treatment by enhanced
coagulation and settling could reduce irreversible fouling.

Wray and Andrews® reported different results for the impact
of coagulant dose on hydraulically reversible/irreversible
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fouling for various source waters. It was reported that for Lake
Ontario, the addition of 15 mg L™ alum increased reversible
fouling, and greater variability in the hydraulic reversibility of
fouling was observed at this higher coagulant dose. In contrast,
for Lake Simcoe and Otonabee River waters the addition of
alum reduced reversible fouling at dosages of both 0.5 and 15
mg L. As mentioned in section 2.2.3., this emphasizes the
importance of differences in water quality when considering
coagulant dosages for membrane pretreatment.

5. Performance of configuration types
related to removal of organic matter
5.1. Summary of results

Removals of dissolved and total organic carbon (DOC/TOC)
for coagulation/flocculation  configuration types are
summarized in Fig. 6 (Table 9). For comparison with
configuration types, results for membrane filtration with no
coagulant addition have also been included. While less
results are available for configuration Type 1 regarding floc
properties, when compared to Types 2 and 3 there are more
results for Type 1 regarding DOC/TOC removal. This may be
because the analysis of floc properties for configuration Type
1 is more difficult due to smaller floc size.

5.2. Type 1: coagulation + no/incidental flocculation

A number of studies have investigated the impact of
coagulant dosage, coagulant type, and hydrodynamic
conditions on the removal of organics and particulates for
configuration Type 1. Reported DOC/TOC removal ranges
from 42% to 75%, with a mean of 56% for MF, and 16% to
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62%, with a mean of 40% for UF (Fig. 6). The mean removal
for MF is greater than that reported for no coagulant (9%),
below the mean value for configuration Type 2 (61%), and
above the mean for configuration Type 3 (38%). The mean
removal for UF is approximately the same as that reported for
no coagulant (40%), and below the mean values for both
configuration Types 2 (47%) and 3 (47%). With no coagulant,
results indicate that UF achieves greater DOC/TOC removal
when compared to MF, but with the addition of coagulant
performance is similar for all configuration types. In general,
results suggest that the removal of DOC/TOC increases with
increasing coagulant doses.>>*” There is evidence that charge
neutralization, sweep flocculation, and low dose conditions at
pH <5.0 are favorable for the removal of DOC/TOC, while low
dose conditions at pH 7.0 to 9.0 lead to poor removal.**** Fe-
Based coagulants may perform better than Al-based
coagulants for biopolymer removal, possibly due to faster
generation rates of hydrolysis products and precipitates.”
Guigui®® noted that at approximately neutral pH (5.5 to 7.5),
there was a greater variance in DOC removal for high (16 to
42%) compared to low (27 to 33%) coagulant doses.

Amjad** reported poor solids removal (60.3%, as
measured gravimetrically) at low G ¢ (1890) for configuration
Type 1 when compared to higher G ¢ for Types 2 and 3, likely
because of incomplete coagulation and dissolved solids not
being retained on the membrane surface. Similarly, Howe
and Clark?® reported turbidity reductions after MF of 57% for
rapid mixing alone compared to >89% for configuration
Type 3. Again, this may be expected due to the formation of
smaller floc, resulting in lower retention on the membrane
surface.
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Fig. 6 Published performance for % DOC and TOC removal for coagulation/flocculation configuration types. Note: boxes represent the 25th to
75th percentiles, whiskers the lowest and highest values up to 1.5 times the inter-quartile range. n = number of studies cited.
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5.3. Type 2: coagulation + flocculation

As for configuration Type 1, studies for configuration Type
2 have examined the impact of coagulant dosage, type, and
hydrodynamic conditions on the removal of DOC/TOC and
particulates. The reported DOC/TOC removal is 61% for
MF, and ranges from 35% to 70%, with a mean of 47% for
UF (Fig. 6). The reported removal for MF is greater than
that reported for no coagulant, as well as configuration
Types 1 and 3, while the me removal reported for UF is
greater than that reported for both no coagulant and
configuration Type 1, and approximately the same as Type
3. Comparing the removal of TOC by MF for no coagulant
addition with that obtained with charge neutralization (10
mg L™, pH 5.0) and sweep flocculation (30 mg L™, pH 7.5)
mechanisms, Lee** observed the greatest reduction in TOC
for charge neutralization. The greater TOC removal may be
attributed to the charge of soluble organics being less
electronegative at pH 5.0, thus improving particle
agglomeration. At pH 8.3 with sweep flocculation as the
predominant coagulation mechanism, Wang** reported
UV,5, removals of =90% for alum, PACl, and ACH doses of
>1.7, 2.6, and 3.4 mg L' Al, respectively. Yao*® observed
greater reductions in both DOC and UV,s, using an alum
dosage optimized for turbidity removal compared to a low
dosage. With a coagulant dosage optimized for DOC and
UV,s, removal, Zhang®® reported greater removals of both
DOC and UV,s, for coagulation-UF compared to UF with
no coagulant addition.

Considering medium and high G ¢ (17 820 and 50400) for
configuration Type 2, Amjad>* observed nearly 100% solids
removal following UF. This solids removal was greater than
the removal reported for configuration Type 1, and indicated
effective aggregation of humic acid. Howe and Clark*
observed similar turbidity reductions (57%) after rapid
mixing with 4 min flocculation (65 rpm) followed by MF or
UF. Despite the addition of flocculation, turbidity removal
was the same as that for 30 s rapid mixing only.

5.4. Type 3: conventional coagulation

Several studies have considered DOC/TOC removal following
configuration Type 3; however, the majority of results
reported in the literature are for removal following
sedimentation only. DOC/TOC removal after sedimentation
ranged from 22% to 51% with a mean of approximately 37%
(Table 9). Reported DOC/TOC removal ranges from 25.3% to
50% for MF, with a mean of 38%, while reported DOC/TOC
removal ranges from 20.5% to 66.2% for UF, with a mean of
47% (Fig. 6). The mean removal for MF is greater than that
reported for no coagulant addition, and lower than that
reported for configuration Types 1 and 2, while the mean
removal reported for UF is greater than that reported for both
no coagulant addition and configuration Type 1, and
approximately the same as Type 2. Using alum and PAC,
Kabsch-Korbutowicz*® observed TOC removals to increase by
24.1% and 14.8% for configuration Type 3-UF compared to

This journal is © The Royal Society of Chemistry 2020

View Article Online

Critical review

conventional coagulation with settling alone. Dixon*’ used
Type 3-UF to treat river water with PACI dosages optimized for
UV,s, removal and enhanced coagulation, and reported
similar DOC and UV,s;, removals after conventional
coagulation with settling and Type 3-UF for both coagulant
doses. If the removal of organic matter following settling does
not increase it could be attributed to dissolved organics and
colloids passing through the membrane.”*

Amjad** observed that for hydrodynamic conditions of
low (1790), medium (17820), and high (50400) G¢, solids
removals following settling were approximately 19%, 76%,
and 82%, respectively. Subsequent removals by UF were
41.0%, 22.2%, and 15.5% totaling approximately 60%
(similar to low Gt¢ without settling), and nearly 100% for
the latter two conditions. Solids removals indicate that
medium and high Gt result in the formation of larger,
more settlable floc than low Gt that are more readily
removed by UF.

6. Discussion and conclusion

Results indicate that configuration Type 1 (coagulation + no/
incidental flocculation) leads to the formation of small floc
with low Dy. There is evidence that this causes the formation
of less porous cake layers with greater resistance than those
formed by configuration Type 2 (coagulation + flocculation)
(Fig. 3), and results in lower removal of solids and turbidity
(section 5.2.). As a result, configuration Type 1 may not be
optimal for fouling control and DOC/TOC removal when
compared to Types 2 and 3; however, more evidence is
required. When considering fouling rate, reversibility, and
performance in terms of DOC/TOC removal, floc size has
been identified as an important factor (sections 4.2. and
5.2.). While a wide range of coagulant doses have been
examined for configuration Type 1, it may be beneficial to
achieve a balance between thresholds where internal fouling
is minimized and DOC/TOC removal targets are achieved,
while limiting additional fouling from the accumulation of
hydrolytic coagulant products on the membrane surface
(section 2.2.1.). Results of several studies indicate that such a
balance may be realized at low dose conditions. While
characteristically short contact times (<2 min) appear
adequate for developing floc sizes greater than those of
membrane pores, the effects of hydrodynamic conditions on
floc properties are not clear, perhaps because of difficulty in
accurately simulating these conditions at bench-scale. In
addition, more information is needed comparing the impact
of NOM type on floc properties and subsequent membrane
fouling. It is expected that small floc with low D¢ would form
a cake layer with higher resistance. However, there is also
evidence that floc formed at low dosages and acidic pH
conditions can result in permeable cake layers with high
hydraulic and chemical recoveries (section 3.3), though it is
not clear if this would occur for configuration Type 1 without
flocculation. Phased coagulation, whereby coagulant is
applied during only a portion of the permeation cycle (e.g.
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50%), is an operational variation that should be investigated
further, as it has been reported that fouling and coagulant
requirements may be reduced simultaneously (section 4.2.1.).

Application of configuration Type 2 may provide
greater control of floc properties. As for configuration
Type 1, a range of coagulation doses and destabilization
mechanisms have been examined, and as expected for
increased particle collisions and contact time, reported
floc sizes were generally larger and Dy higher (section
3.3.). Floc formed at acidic pH (<5.0) have a slower
growth rate, but reach larger steady-state size, which
could lead to the formation of a more porous cake layer.
Results also suggest that floc formed at acidic pH have
lower D;. During mixing floc with lower Dy experienced
greater breakage than those formed by the sweep
flocculation mechanism with higher Dy The apparent
correlation between D; and the degree of floc breakage
indicates that a correlation also exists between Dy and
floc strength. However, it has been reported that floc
formed by sweep flocculation are more compressible,
which can reduce cake layer permeability due to
hydraulic pressure during membrane operation. Future
research efforts should be directed towards more clearly
distinguishing shear strength and compressibility of floc.
While some studies reported that larger floc resulted in
layer resistance, others reported similar
resistances to those observed without flocculation
(section 4.3.1.). Amjad®>* explained that despite forming
cake with higher intra-particle permeability, the higher D¢
of floc could compensate for this with lower inter-
particle permeability. Finally, without settling, mass flux
of floc towards the membrane surface may be
comparatively high. While the larger floc may form a
more porous and easily removed cake layer, rapid
accumulation of material could increase cake layer
thickness causing rapid flux decline (sections 4.4.2. and
4.5.2.). A trade-off may exist between cleaning efficiency

lower cake
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and frequency. There is evidence that Type 2 conditions
result in greater NOM removal when compared to Type 1
(section 5.3.).

For configuration Type 3 (conventional coagulation),
settling prior to membrane filtration results in lower mass
accumulation on the membrane surface, thus lower
fouling rate, but higher specific cake layer resistance
(section 4.5.). While the summarized results for DOC/TOC
removal (Fig. 6) do not suggest a clear trend when
comparing configuration types, Amjad>* reported greater
solids removal for configuration Type 3 when compared to
Type 1 and similar solids removal when compared to Type
2. In some cases, it was reported that the rate of flux
decline was similar with and without settling, which was
attributed to poor removal of NOM despite effective
reduction of turbidity (section 4.5.2.). In order to reduce
membrane fouling using configuration Type 3, the
application of enhanced coagulation for increased NOM
removal may be required. Limited information exists
regarding the cleaning efficiency of membranes
incorporating conventional coagulation (section 4.5.3.).
While cake layers are anticipated to be thin, they may also
be more compact. In addition, the accumulated foulants
may include a lower concentration of hydrolytic coagulant
products, which could result in greater irreversible
fouling.

This review compiled the results of 36 studies on the
impact of coagulation/flocculation pretreatment on floc
properties and membrane performance. Despite the
significant number of published studies, no clear
guidance can yet be obtained to optimally design
coagulation/flocculation ~ pretreatment for  membrane
filtration.

Appendix

Table 8 Potential relationships between coagulation/hydrodynamic conditions, floc properties, and resistance for typical coagulation/flocculation

configurations
Typel: coagulation + no/incidental flocculation Type 2: coagulation + flocculation Type 3: conventional coagulation
Fractal Fractal
Floc size dimension Resistance Floc size Fractal dimension Resistance | Floc size dimension Resistance
Ref. Cp Ref. Cp Ref. Cp | Ref. Cp Ref. Cp Ref.  Cp Ref. Cp Ref. Cp Ref. Cp
Coagulation conditions
+(33, 36 +(33, 36
Coagulant dose | \ \ \ \ +(9 \ T + T + \ + \ \ \ \ \ \
©) 42) 42)
+(36, 41
pH \ \ \ \ > \ +(43 \ \ \ \ +
43) “3)
Hydrodynamic conditions
Gt N \ [ +(22) R \ [+ v v
Floc properties
Floc size \ \ \ \ \ \ \ \ \ \ +(22) \
FAractal' \ \ \ \ \ \
dimension

Ref = observations from referenced studies. Cp = observations based on review of results compiled from several references. + = potential

positive correlation. - = potential negative correlation. \ = inconclusive.
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= not applicable.
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