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Abstract 

 

Effect of pretreatment on the flux performance of ultrafiltration membranes is studied and 

interpreted in terms of structural characteristics of suspended flocs and membrane cakes 

formed from these flocs.  Coagulation-flocculation with different values of �̅�𝑡𝑚𝑖𝑥 and 

optional pre-settling are applied to approximate pretreatment conditions of inline, direct, 

and conventional filtration processes.  A new method for experimentally determining 

fractal dimension of membrane cakes, 𝐷𝑐𝑎𝑘𝑒, based on permeate flux data and Happel 

permeability model is proposed and employed to show that 𝐷𝑐𝑎𝑘𝑒 correlates with the 

fractal dimension of flocs, 𝐷𝑓𝑙𝑜𝑐.  The broad range of 𝐷𝑓𝑙𝑜𝑐 values (1.95<𝐷𝑓𝑙𝑜𝑐 <2.56) is 

found to map onto a narrow range of 𝐷𝑐𝑎𝑘𝑒 values (2.92<𝐷𝑐𝑎𝑘𝑒<2.99) indicating breakup 

and restructuring that flocs undergo as they are incorporated into a growing cake.  

Information on the structure of flocs and membrane cakes complements flux data and 

may be useful in optimizing feed pretreatment in terms of the tradeoff between the mass 

of the cake, its permeability and responsiveness to hydraulic and chemical cleaning. 
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1. Introduction 

 

Coagulation and flocculation are sometimes described as Victorian era technologies in 

reference to the long history of their application as water treatment processes [1].  Indeed, 

it was in the 19th century when G. W. Fuller published his pioneering work on the 

application of aluminum sulfate prior to sand filtration of Ohio River water in Louisville, 

Kentucky [2, 3].  Much of what is known about the effect of coagulation on the 

constituents of surface water has been learned in the context of conventional water 

treatment where screening, coagulation-flocculation and secondary settling precede sand 

filtration and disinfection.  Since the entry of membrane technologies into municipal 

water treatment practice in the late 1980s, coagulation has been extensively studied [4-8] 

and applied as pretreatment to reduce fouling of membrane filters. 

 

With membrane filtration processes gaining ground as an alternative to granular medium 

filtration, the role of pretreatment in reducing operational costs can only be expected to 

increase.  The trend is partly driven by the shift to source waters of lower quality and the 

ushering in of water reuse as one of sustainable long-term solutions to the water 

challenge.  Because of the high effectiveness and reliability of membranes in treating a 

broad range of source waters, the emphasis will be on reducing the cost of such 

treatment.  In this regard, minimizing irreversible fouling and cost-effectively managing 

reversible fouling of membranes are key challenges. 

 

Natural organic matter (NOM), a major component of most surface waters, is a complex 

mixture of organic compounds with composition that can vary greatly from one water 

source to another [9].  NOM is responsible for adsorptive and colloidal fouling of 

membranes and is a precursor for trihalomethanes - carcinogenic byproducts of 

disinfection by halogen-based agents such as chlorine gas and hypochlorite.  An 

important component of NOM are humic materials; for an average river they correspond 

to ~50% of dissolved organic matter [10].  Because of NOM’s inherent heterogeneity and 

variability and because of difficulties with characterizing NOM definitively, humic acid 

is often used in model studies as a standard surrogate material representing NOM [11].  
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In particular, humic acid has been used extensively to understand organic fouling of 

membranes of a range of porosities and chemical makeups (e.g. [12-14]). 

 

It is now well established that properties of flocs (i.e. aggregates that form during 

coagulation and flocculation of surface water) are very important for understanding the 

fouling of membranes installed downstream in the treatment train [7].  Size, surface 

charge, and internal structure of a floc affect its stability [7, 15-17] and setting rate [18], 

and partly determine filterability of membrane cakes formed from these flocs [19-21].  

Given that floc properties are greatly influenced by coagulation and flocculation (e.g. [22, 

23]), it has been suggested ([20] and references therein) that parameters such as coagulant 

dose, pH, mixing and intensity can be optimized to improve the performance of 

membrane filtration. 

 

The internal structure of flocs can be expressed in terms of the fractal dimension, fD  

[24].  Fractal dimension of flocs can be measured by a number of techniques [25] such as 

small-angle neutron scattering (SANS) (e.g. [19]), small-angle X-ray scattering (e.g. 

[26]), static light scattering (e.g. [27]), image analysis (e.g. [28]) and settling (e.g. [29]).  

Scattering-based methods provide non-invasive analysis of the entire ensemble of 

particles but are subject to certain constraints on the shape and size of primary particles 

and their aggregates.  Techniques based on image analysis relate the number or mass of 

particles at various length scales; these methods are more prone to experimental error but 

are still used especially when scattering methods are either not applicable or not 

available. 

 

Several previous studies discussed how the structure and permeability of membrane 

cakes depend on the fractal dimension of cake-forming aggregates, flocD  [15, 17, 19-21, 

30-34].  Specific cake resistance was shown to decrease with an increase in floc size and 

a decrease in flocD  [15, 31, 33].  In accordance with these findings, Choi et al. concluded 

that flocs of higher fractal dimension are more compressible and, therefore, form cakes 

with higher specific resistance [21].  Assuming that cake porosity is proportional to floc 
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porosity, Guan et al proposed a formula for the specific resistance of the cake as a 

function of floc’s fD  [31].  In a separate study, Park et al. showed that for flocs with low 

flocD  the cake porosity was barely dependent on flocD , whereas for high flocD  cake 

porosity decreased with increasing flocD  [34].  Cho et al. concluded that at least for the 

conditions of their study it was likely that “local structures of the cake on membrane 

remained the same as in the aggregates of the original suspension” [35]. Antelmi et al. 

used SANS to characterize cake structures and demonstrated that cakes collapse [19]. 

 

There were only a few experimental studies where the fractal dimension of a membrane 

cake, cakeD , was determined experimentally.  Pignon et al. [36] used SANS, static light 

scattering and local birefringence techniques and showed that filtration leads to a cake 

with a void structure that is characterized by a low fractal dimension.  The same 

technique was employed by Antelmi et al. [19] in their study of cake collapse.  Mendret 

et al. [37] used an optical method developed by their team earlier [38] to measure cake 

porosity as a function of cake’s depth.  These authors noted that “the deposit thickness 

growth is not linearly related to the quantity of matter deposited”; however, the fractal 

dimension was not calculated from this data.  Fractal substructures within chemically 

heterogeneous cakes were also observed in experiments on the autopsy of cakes from 

pilot filtration tests with surface water [39].  While studies quoted above indicated that 

membrane cakes can be fractal, no relationships have been established between flocD  and 

cakeD .  Also, flocD  and cakeD  have not been compared for practically relevant 

coagulation-flocculation scenarios. 

 

In this study, we propose a simple method for estimating fractal dimension of membrane 

cakes, cakeD .  The method is based on data easily measureable in a constant pressure 

unstirred filtration test.  We then apply this new approach to quantify the structure of 

membrane cakes formed from feed waters subjected to different combinations of 

coagulation, flocculation and pre-settling that roughly approximate pretreatment 

conditions of inline, direct, and conventional filtration processes.  Specific objectives of 



© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 

http://creativecommons.org/licenses/by-nc-nd/4.0 

 

6 

 

our study are: (1) to quantify the structure of membrane cakes formed from flocs 

generated under different pretreatment conditions including mixing and pre-settling; (2) 

to identify a possible correlation between fractal dimensions of flocs ( flocD ) and 

membrane cakes ( cakeD ) formed by these flocs; 3) to interpret permeate flux and specific 

cake resistance data in terms of structural characteristics of flocs and membrane cakes; 

and 4) to explore implications of these data for the optimization of pretreatment 

processes. 
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2. Background and Approach 

 

In this section we introduce the notion of fractal dimension and equations that connect 

microstructural characteristics of a membrane cake with its permeability. We then 

propose a method for estimating the fractal dimension of a growing membrane cake 

based on variables that can be easily measured in a filtration experiment. 

 

2.1 Fractal dimension of a membrane cake 

 

The fractal dimension, cakeD , of a growing deposit defines how its average thickness 

scales with the number of deposited particles, N [40, 41]: 

2

1

~


 cakeD
NNL  , 

(1a) 

where  is the scaling exponent and 


1
2 cakeD  is the fractal dimension of the deposit.  

Equation (1a) has been used to describe and quantitatively differentiate morphologies of 

deposits formed under conditions characterized by a broad range of particle Peclet 

numbers [42] and particle-particle interaction energies [39].  The number of particles in 

the deposit, N , is proportional to its mass, M .  In filtration with complete rejection and 

no back-transport of particles, the mass of deposit equals the product of feed 

concentration of particles, fC , and permeate volume, pV .  Thus, when fC  is constant, 

N  is proportional to the permeate volume and eq. (1a) can be rewritten as 


pVL ~ . (1b) 

The average thickness of the cake, L , is given by: 

sm

pf

A

VC
L

 )1( 
 , 

(2) 

where s  is particle density,   is porosity of the cake, and mA  is the area of the 

membrane.  Combining eqs. (1b) and (2) yields a simple scaling relationship: 

  pVln)1(~1ln    (3a) 

or 
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(3b) 

When the values of permeate flow rate and cake porosity as functions of filtration time 

are known, eq. (3b) can be used to determine cakeD .  To our knowledge, this scaling 

relationship has not been described in the published literature. 

 

2.2 Specific hydraulic resistance of a membrane cake 

 

In the absence of an osmotic pressure difference across the membrane, the volumetric 

permeate flux is given by: 

 cm RR

P
j







, 
(4) 

where P  is the transmembrane pressure differential,   is viscosity of the permeating 

fluid, while mR  and cR are hydraulic resistances of the unfouled membrane and the 

membrane cake, respectively. Specific hydraulic resistance of a membrane cake of 

thickness L  is defined as 

L

R
R c

c 
ˆ   

(5) 

and can be connected to microstructural properties of the cake using one of the 

permeability models (see section 2.3). 

 

In early studies of cake filtration, Ruth and co-workers [43, 44] and Carman [45-47] 

introduced mass-based specific cake resistance defined as the cake’s hydraulic resistance 

cR  per unit mass of the cake and per unit surface area of the filter [48]: 

c
m

M R
M

A
 ,  

(6a) 

where   is density of the cake and M  is cake’s mass.  Comparison of definitions (5) and 

(6a) shows that specific hydraulic resistances cR̂  and  M  are related via cake density, 

: 
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 c

M

R̂
 . 

(6b) 

Combining (4) and (6a) and assuming pf VCM   gives an expression for M  in terms of 

values that can be easily measured in a filtration experiment: 

.










 m

pf

m
M R

j

P

VC

A


  

(7) 

Equation (7) can be used to determine the dependence of mass-based specific cake 

resistance M  on the filtration time based on experimental measurements of permeate 

volume as a function of time.   

 

One should note that equating the cake mass to pfVC  is based on two assumptions: that 

all particles are rejected by the membrane and that there is no back-transport of particles 

away from the membrane surface. Under these conditions all particles that approach the 

membrane deposit on it to form the cake. It is also assumed that the concentration of 

particles in the feed suspension is constant throughout the filtration experiment. 

 

2.3 Estimating porosity of a membrane cake based on experimental values of permeate 

flux and a permeability model 

 

2.3.1 Estimation of cake porosity based on Carman-Kozeny model 

 

The Carman-Kozeny equation [49, 50] states that the specific hydraulic resistance of a 

membrane cake is given by: 

3

2

ˆ


s
KR K

CK

c  , 
(8a) 

where KK  is Kozeny constant and s  is specific surface area of the cake.  Eq. (8a) can be 

written with the dependence of the specific surface area on particle size, particle shape, 

and cake porosity made explicit: 
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K

CK

c
d

KR





. 

(8b) 

In the above expression,   and ed describe shape and size of particles that make up the 

cake:   is sphericity ( 1 , 1 for a sphere) and ed is diameter of the equivalent 

sphere (i.e. a sphere that has the same volume as the particle.)  Noting that cake density, 

 , and cake porosity,  , are connected via the density of the particles, s , as 

)1(   s , one can combine eqs. (8a) and (6) to express the mass-based specific cake 

resistance as a function of microstructural properties of the cake: 

)1(

1
3

2







s

K

CK

M

s
K . 

(9a) 

In the assumption that the cake consists of spherical particles of the same size ( cd ), 

sphericity and Kozeny constant are equal to 1 and 5, respectively, and eq. (9a) can be 

rewritten as 

32

11
180











cs

CK

M
d

. 
(9b) 

With M  values available from filtration experiments (see eq. (7)), eq. (9b) can be used 

to get a Carman-Kozeny model based estimate of the average cake porosity,  , as a 

function of filtration time.  This is done by using porosity as the fitting parameter to 

ensure that eq. (7) and eq. (9b) give the same value of the mass-based specific cake 

resistance. With the values of   known, eq. (3b) can be used to determine cakeD . 

 

2.3.2 Estimation of cake porosity based on Happel model 

 

The Carman-Kozeny model was found to produce unrealistic predictions of settling 

velocity of fractal aggregates [18], and it was suggested that other permeability models 

such as Brinkman or Happel models should be used to describe permeability of fractal 

objects [51]. According to the Happel model [52] 
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where   3/1
1   . 

Applying eq. (6b): 

65

5

2 35.45.43

2318

)1(

ˆ
















scs

H

cH

M
d

R
. 

(11) 

Equation (11) can be used to get a Happel model based estimate of the average cake 

porosity,   as a function of filtration time.  This is done by following the same procedure 

as described in section 2.3.1 - by using porosity as the fitting parameter to ensure that eq. 

(7) and eq. (11) give the same value of the mass-based specific cake resistance. 
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3. Experimental 

 

3.1 Reagents and synthetic feed water 

 

Synthetic feed water was prepared using ultrapure water (~ 18 MΩ∙cm-1) supplied by 

Barnstead E-pure system. Sodium humate (MW 4,000 to 23,000 Da, Sigma-Aldrich) and 

aluminum sulfate (Al2(SO4)318H2O, reagent grade, Sigma-Aldrich) were used as 

received.  Humic acid stock solution was prepared by mixing 1 g sodium humate in 1 L 

ultrapure water for 3 days.  The pH of the stock solution was adjusted to 8.0 by adding 

0.1 M HCl.  After mixing, the stock solution was filtered through a 0.45 µm 

nitrocellulose membrane (Millipore) and stored in the dark at 4 oC.  The concentration of 

humic acid in the stock solution was measured using TOC analyzer to be in the 240 to 

280 mg(TOC)/L range.  Prior to a coagulation-flocculation experiment, the stock solution 

was diluted to 10 mg(TOC)/L (as confirmed by TOC measurements), and 1 mL of 2 mM 

aqueous solution of NaHCO3 was added per 5 L of the diluted stock to provide sufficient 

carbonate alkalinity. 

 

3.2 Coagulation and flocculation 

 

Aluminum sulfate was used as the coagulant.  The stock solution of the coagulant was 

prepared by dissolving 10 g of Al2(SO4)318H2O in 1 L of ultrapure water.  Coagulation 

was performed in 2 L cylindrical beakers using a jar test apparatus (model 7790-400, 

Phipps & Bird).  Coagulant dose was optimized by adding various amounts of the 

coagulant into 1 L of the synthetic feed water.  The rapid mixing was provided for 1 min 

at 200 rpm (Table 1). 
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Table 1: Evaluated pretreatment processes. 

a Simulates the pretreatment train (coagulation + flocculation + settling) of a conventional filtration process.  

b Simulates the pretreatment train (coagulation + flocculation) of a direct filtration process. 

c Simulates the pretreatment train (coagulation + minimal flocculation) of an inline filtration process.  

d Corresponds to 10 mg(TOC)/L [53]. 

e Corresponds to �̅� = 210 s-1 and 𝑡𝑚𝑖𝑥 = 60 s.  

f Measured gravimetrically by weighing dried membrane cakes. 

 

 

 

 

Experiment 

code 

Feed 

water 

humic acid 

content, 

mg(HA)/L 

Pretreatment 

step 1:  

Coagulation 

Pretreatment  

step 2:  

Flocculation 

Pretreatment  

step 3: 

Settling  

Total filterable 

solidsf in the 

membrane 

feed, 

mg/L 
�̅�𝑡𝑚𝑖𝑥 

Coagulant  

dosage, mg/L 
pH �̅�, s-1 𝑡𝑚𝑖𝑥, s �̅�𝑡𝑚𝑖𝑥 

Settling time, 

min 

High�̅�𝑡𝑚𝑖𝑥→Settle a 

19.7 d 12,600 e 70.0 

5.5 ± 0.1 42.00 

1,200 

50,400 
30  13.8 ± 7.7 

High�̅�𝑡𝑚𝑖𝑥→Direct b 0 88.4 ± 0.0 

Med�̅�𝑡𝑚𝑖𝑥→Settle a 

4.8 ± 0.1 

14.85 17,820 
30  19.8 ± 1.0 

Med�̅�𝑡𝑚𝑖𝑥→Direct b 0 88.4 ± 0.0 

Low�̅�𝑡𝑚𝑖𝑥→Settle a 
5.25 360 1,890 

30  36.6 ± 3.7 

Low�̅�𝑡𝑚𝑖𝑥→Direct c 0 53.8 ± 3.7 



© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 

http://creativecommons.org/licenses/by-nc-nd/4.0 

 

14 

 

The coagulation stage was followed by flocculation.  Three flocculation conditions were 

tested with different values of �̅�𝑡𝑚𝑖𝑥 , where �̅� is the mean velocity gradient and 𝑡𝑚𝑖𝑥  is 

the duration of mixing. In experiments with high �̅�𝑡𝑚𝑖𝑥  (�̅�𝑡𝑚𝑖𝑥 = 50,400), medium 

�̅�𝑡𝑚𝑖𝑥  (�̅�𝑡𝑚𝑖𝑥  = 17,820) and low �̅�𝑡𝑚𝑖𝑥  (�̅�𝑡𝑚𝑖𝑥 = 1,890), mixing rates were 40, 20, and 

10 rpm while mixing times were 20, 20, and 6 min, respectively. Given the impeller 

diameter of 7.5 cm, the values of �̅� in these tests were 42.0, 14.9, and 5.3 s-1, 

respectively.  These values were calculated using the impeller constant for turbulent flow 

(𝐾𝑇=2.25).  This choice of 𝐾𝑇 was based on the values of the impeller Reynolds number, 

𝑁𝑅𝑒, for the three flocculation conditions tested (𝑁𝑅𝑒 ~ 4180, 2090, and 1050, 

respectively) and the fact that the dependence of 𝐾𝑇 on 𝑁𝑅𝑒 reaches a plateau at 𝑁𝑅𝑒 >

100 [54]. 

 

The coagulant dose was optimized in tests with humic acid concentration in the 27 to 32 

mg(HA)/L range and High�̅�𝑡𝑚𝑖𝑥 conditions.  Using the following relationship for Aldrich 

humic acid [53]:     0345.0/5197.0/  LmgHALmgTOC , we estimate that the TOC 

content in these water samples was in the 14.1 to 16.7 mg(TOC)/L range.  The pH of the 

feed solution was adjusted to ~ 9.3 prior to coagulant addition.  After adding the 

coagulant, pH of the feed solution was adjusted to 5.5 for flocculation under high �̅�𝑡𝑚𝑖𝑥  

conditions and to 4.8 (Table 1) for flocculation under medium and low �̅�𝑡𝑚𝑖𝑥  conditions 

to produce flocs of lower flocD  [53].  After 30 min of post-flocculation settling, 40 mL 

supernatant sample was collected by a micropipette approximately 2 cm below the water 

surface and tested for humic acid content using TOC analyzer.  The temperature of the 

feed water was maintained within the 25 ± 0.5 oC range in all coagulation and 

flocculation experiments. 

 

3.3 Measurements of floc size distribution 

 

Floc size distribution as a function of flocculation time was measured using light 

scattering (Malvern Mastersizer 2000, Malvern) [55].  The suspension was continuously 

circulated between the optical unit of the Mastersizer and the jar test beaker using a 
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peristaltic pump (Masterflux model no. 7520-00, Cole-Palmer) installed downstream 

from the Mastersizer and operated at the low flow rate of 25 mL/min to minimize floc 

breakup.  The Mastersizer was programmed to measure the floc size distribution every 30 

s during the entire duration of the flocculation process. 

 

3.4 Membrane filtration 

 

Membrane filtration experiments were performed in the constant pressure mode using an 

unstirred Amicon 8050 dead-end cell (Millipore) connected to a 5 L pressurized feed 

reservoir.  Prior to each test the membranes were compacted by applying a 

transmembrane pressure of 50 psi (~ 345 kPa) and filtering ultrapure water until steady 

permeate flux was attained.  The permeate flux was measured continually by recording 

the weight of the filtrate on an electronic balance (AV8101C, Ohaus Corp.) interfaced 

with a computer (Fig. 1).  Ultrafiltration polyethersulfone membranes (50 kDa MWCO, 

Pall) were used in all experiments.  All coagulation-flocculation and ultrafiltration 

experiments were performed in triplicate. 

 

The pressurized feed reservoir was modified to include a magnetic stir bar that could 

freely rotate while supported by a rigid rod attached to the feed reservoir’s top cover.  

The bar was brought into rotating motion by a permanent magnet located just beneath the 

feed vessel and mounted on a rotating shaft of a jar test apparatus.  The stirring bar was 

of the exact same geometry as the stirring bar of the jar test.  This arrangement 

effectively converted the feed vessel into a pressurized coagulation jar and enabled 

membrane filtration experiments with freshly coagulated feeds. 

 

The experiments were designed to observe the difference in the specific resistance of 

cakes formed by flocs generated under different pretreatment conditions that roughly 

approximate possible pretreatment scenarios in a membrane filtration plant (Table 1).  

First, three distinct flocculation conditions of high, medium, and low �̅�𝑡𝑚𝑖𝑥  were tested.  
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Unstirred Filtration Cell

Gas 
Tank

Electronic Balance

Pressure Control 
Valve
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Membrane

Data Acquisition 
System

Permeate Collected

RPM Controller

Permanent Magnet

Jar Test Apparatus

Pressurized Feed 

Tank

Magnetic Stirrer

Pressure Gauge

Metallic paddle 

identical to Jar test 
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Figure 1: Schematic diagram of the experimental apparatus. 

 



© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 

http://creativecommons.org/licenses/by-nc-nd/4.0 

 

17 

 

 

Further, in one subset of experiments, flocs were allowed to settle for 30 min prior to 

ultrafiltration while in another subset the flocculated water was filtered by UF 

membranes directly.  The former condition corresponds to the conventional filtration 

process where a granular media filter is replaced by a membrane.  The latter condition 

models direct (for high and medium �̅�𝑡𝑚𝑖𝑥 ) or inline (for low �̅�𝑡𝑚𝑖𝑥 ) filtration processes. 

 

3.5 Determination of the fractal dimension of flocs 

 

The fractal dimension of flocs formed under different coagulation-flocculation conditions 

was experimentally measured using two methods. In the first method, a manufacturer-

provided software module of the Malvern Mastersizer 2000 instrument was used to 

record the dependence of the intensity of scattered light, I , on the scattering vector, Q : 

𝑄 =
4𝜋𝑛

𝜆
𝑠𝑖𝑛 (

𝜑

2
) 

(9) 

where n is the refractive index of solvent (water), 𝜑 is the scattering angle, and 𝜆 is the 

wavelength of the incident light.  The fractal dimension flocD  of aggregates was 

determined from the linear fit to the double logarithmic plot of the power law dependence 

of intensity on the scattering vector: 𝐼(𝑄)~𝑄𝐷𝑓𝑙𝑜𝑐. 

 

In the second method, the fractal dimension was determined based on the images of flocs 

recorded using confocal microscopy.  Approximately 0.5 mL of the flocculated water was 

placed in a 0.8 mm deep well of a microscope well slide.  A glass cover slip 2.2×2.2 cm2 

in size was positioned on top of the well slide to cover the well; the well slide and the 

cover slip were sealed using nail polish to prevent the floc suspension from drying [28].  

The confocal laser scanning microscope employed for this study was Zeiss LSM 5 Pascal 

with an Argon laser (𝜆 = 488nm) used as the light source.  Fractal dimension of flocs was 

computed using the box counting algorithm (e.g. [41]). 
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4. Results and Discussion 

 

4.1 Coagulation and flocculation 

 

Coagulant dose optimization tests were performed to determine the alum dose required 

for the maximum removal of humic acid by the coagulation-flocculation-settling 

pretreatment.  The maximum humic acid removal was observed for the alum dose in the 

70 to 80 mg/L range, which corresponded to pH 5.5 [53] (see Supplementary Material 

(SM), Fig.S1). 

 

Figure 2: Fate of feed solids in the coagulation-flocculation-ultrafiltration process as a 

function of pretreatment conditions. 

Initial feed concentration of 89.17 mg(solids)/L includes 70 mg/L of 

coagulant and 19.17 mg/L of humic acid. 
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The feed water in membrane filtration experiments was diluted to have the TOC content 

of 10 mg(TOC)/L, which was lower than the TOC content of water in coagulant dose 

optimization tests (14.1 to 16.7 mg(TOC)/L, see section 3.2).  For this reason, 70 mg/L of 

alum dose (i. e the lower bound in the optimal dose window of 70 to 80 mg/L, Fig. 2) was 

chosen to use for pretreatment.  The corresponding humic acid content of the membrane 

feed was estimated [53] to be 19.17 mg(HA)/L.  Thus, upon the addition of coagulant, the 

total solids content of the feed water was ~ 89.17 mg/L comprising 70 mg(alum)/L and 

19.7 mg(HA)/L. 

 

The fate of feed solids in membrane filtration experiments is summarized in Fig. 2.  The 

mass balance on solids was developed in three steps:  1) The amount of solids removed 

by the membrane was computed based on the cake mass measured by gravimetric 

analysis and the initial total mass of feed solids (89.17 mg per liter of feed suspension, 

see previous paragraph).  2) The amount of solids that were not removed but left as 

dissolved species with the permeate stream was computed as initial feed solids (89.17 

mg/L) minus solids removed by the membrane (computed at step 1).  This calculation 

was performed for direct filtration experiments so that removal of solids by settling did 

not have to be accounted for. We then assumed that values determined by this approach 

were also valid for tests with settling because settling should not affect the concentration 

of dissolve species.  3) In experiments with settling, the amount of solids removed by 

settling was computed as initial feed solids (89.17 mg per liter of feed suspension) minus 

solids removed by the membrane (computed at step 1) minus solids not removed 

(computed at step 2). 

 

In experiments without pre-settling, a large fraction of feed solids fouled the membrane.  

As shown by the gravimetric analysis of membrane cakes (Table 1), 99.1% 

(=88.38/89.17·100%) of total solids initially present in the feed deposited on the 

membrane surface in High�̅�𝑡𝑚𝑖𝑥→Direct and Med�̅�𝑡𝑚𝑖𝑥→Direct experiments.  This 

fraction was much lower (60.3% = 53.76/89.17·100%) in Low�̅�𝑡𝑚𝑖𝑥→Direct tests most 

likely because of an incomplete coagulation.  It can be expected that dissolved solids will 
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not be rejected by 50 kDa membrane and will not contribute to fouling.  Wang et al. [53] 

reported residual Al in the permeate although their experiments involved a membrane 

with a much larger pore size (0.22 µm).  Incomplete rejection of uncoagulated humic acid 

(MW 4 to 23 kDa) is another possible reason for lower cake mass in these tests.  In one of 

our High�̅�𝑡𝑚𝑖𝑥→Direct tests the TOC content of the permeate was measured and the 

rejection of humic acid was found to be 100%, indicating that under these conditions 

coagulation was very effective in promoting humic acid aggregation and increasing its 

hydrodynamic size.  (We note that this observation is corroborated by the very low 

fraction of solids that leave with the permeate in these tests: 0.79/89.17·100% = 0.89%.)  

However, High�̅�𝑡𝑚𝑖𝑥→Direct condition favors more effective coagulation leaving an 

incomplete rejection under other coagulation-flocculation conditions a possibility. 

 

In contrast, pre-settling removed most of the solids so that the load on the membrane was 

reduced.  Flocculation at High�̅�𝑡𝑚𝑖𝑥 led to more efficient removal of solids by settling: 

15.5% (=13.81/89.17·100%), 22.2% (=19.78/89.17·100%), and 41.0% 

(=36.56/89.17·100%) of feed solids deposited on the membrane surface under 

High�̅�𝑡𝑚𝑖𝑥→Settle, Med�̅�𝑡𝑚𝑖𝑥→Settle, and Low�̅�𝑡𝑚𝑖𝑥→Settle conditions, respectively. 

 

4.2 Floc size distribution 

 

Floc size is an important characteristic that directly affects removal of solids by settling 

and has an indirect impact on the performance of the filtration process downstream.  

Figure 3 presents the average diameter of suspended flocs as a function of time under 

conditions of fast mixing (�̅� ≅42 s-1), alum dose of 70 mg/L and pH of 5.5.  The size 

distribution of aggregated flocs at the end of the 20 min flocculation period peaked at 

~303 µm (averaged over three replicate measurements). 

 

The steady state was reached already after ~ 10 min, when more than 99% of flocs that 

remained suspended were larger than 10 µm.  The volume fraction of suspended flocs 

larger than 10 µm was 3.5%, 12.2%, 39.6% and 99.6% at flocculation times of 1 min, 5 

min, 7.5 min and 10 min, respectively.  In contrast, under moderate mixing conditions 
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(�̅� ≅15 s-1), pH 4.8 and the same alum dose of 70 mg/L, the size distribution of 

aggregated flocs at the end of the 20 min flocculation period peaked at ~222 µm, (see 

SM, Fig. S2, left).  Under slow mixing conditions (�̅� ≅5 s-1) floc size measurements 

could be performed during the first 6 min of mixing only (see SM, Fig.S2, right), at 

which point light obscuration by flocs fell below the required threshold value. 

 

 

Figure 3: Floc size distribution as a function of flocculation time. 

Conditions: �̅�=40 s-1; 70 mg(alum)/L; pH 5.5. 

 

A less quantitative but more direct comparison of sizes of typical flocs produced under 

different pretreatment conditions was provided by confocal microscopy images (Fig. 4; 

also see SM, Fig. S3).  As expected, for Med�̅�𝑡𝑚𝑖𝑥 and High�̅�𝑡𝑚𝑖𝑥 conditions settling 

preferentially removed larger and more compact flocs.  Under Low�̅�𝑡𝑚𝑖𝑥 conditions 

mixing was insufficient for the development of settlable flocs.  Flocs produced at 

Low�̅�𝑡𝑚𝑖𝑥 were ~1 µm in diameter that is at least an order of magnitude smaller than 

flocs generated at higher �̅�𝑡𝑚𝑖𝑥.  As corroborated by higher fractal dimensions of 
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Figure 4: Representative confocal microscopy images of flocs in the ultrafiltration feed for different pretreatment conditions. 
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non-settlable flocs (see section 4.6, Fig. 10), flocs formed at Med�̅�𝑡𝑚𝑖𝑥 and High�̅�𝑡𝑚𝑖𝑥 

were also more compact than flocs formed at Low�̅�𝑡𝑚𝑖𝑥. 

 

4.3 Fractal dimension of flocs 

 

The 𝐷𝑓𝑙𝑜𝑐 values obtained by light scattering and confocal microscopy methods are 

reported in Table 2.  The application of eq. (9) to light scattering data is justified when 

the aggregate is at least one order of magnitude larger than the size of the primary 

particles that form it [27, 56].  For an 8 mg/L aqueous solution of humic acid with the 

calcium concentration of 33 mg/L and pH 6, Wang et al. reported a humic acid diffusion 

coefficient of 2.4610-10 m2/s [57].  Based on the Stokes-Einstein equation this value 

translates into the molecular diameter of ~ 1.7 nm.  In our tests, the ionic strength of the 

solution is higher and should lead to an even smaller size of primary particles.  Therefore 

the use of eq. (9) to compute 𝐷𝑓𝑙𝑜𝑐 of flocs formed in our experiments is justified.  We 

note that the above rationale assumes that all primary particles are humic acid colloids 

and not precipitated alum species.  This assumption is questionable because flocs are ~ 

80% (70/89.1·100%) alum by mass.  However, the qualitative agreement of 𝐷𝑓𝑙𝑜𝑐 values 

measured by light scattering and by direct microscopic observations (Fig. 5), lends 

credibility to the application of the method based on light scattering. 

 

The 𝐷𝑓𝑙𝑜𝑐 values obtained by applying the box counting algorithm to confocal 

microscopy images of flocs were somewhat higher than 𝐷𝑓𝑙𝑜𝑐 values measured in light 

scattering experiments (Fig. 5).  This consistent difference can be interpreted as resulting 

from floc breakup during sampling and sample transfer from the flocculation jar to the 

microscope slide.  Indeed breakup and restructuring should lead to denser flocs with 

higher fractal dimension. 

 

The 𝐷𝑓𝑙𝑜𝑐 values of flocs formed at low 𝐺𝑡𝑚𝑖𝑥 were markedly lower than fractal 

dimensions of flocs formed at medium and high 𝐺𝑡𝑚𝑖𝑥 indicating that more compact 

flocs were produced under conditions that promote floc breakup and restructuring [53]  
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Table 2: Characteristics of suspended flocs and of membrane cakes formed from these flocs during ultrafiltration. 

a Determined by light scattering. 

b Determined by confocal microscopy imaging and the box counting method. 

c Reported with a higher accuracy to illustrate statistically significant differences in 𝐷𝑐𝑎𝑘𝑒  for different pretreatment conditions. 

d Measured at the time that corresponds to the cake mass of 10 mg. 

e Measured at the end of each experiment (i.e. for permeate volume of 1.5 L) 

 

 

 

 

 

 

Experiment 

code 

Characteristics of  

suspended flocs 

Characteristics of 

membrane cakes 

Fractal dimension a,  

𝑫𝒇𝒍𝒐𝒄
𝑳𝑺  

Fractal dimension b,  

𝑫𝒇𝒍𝒐𝒄
𝑪𝑴  

Fractal dimension c,  

𝑫𝒄𝒂𝒌𝒆 
Specific resistance d, 

𝜶𝒎·1013, m/kg 

Specific resistance e, 

𝜶𝒎·1013, m/kg 

High�̅�𝑡𝑚𝑖𝑥→Settle 2.42 ± 0.06  2.67 ± 0.02 2.968 ± 0.006 11.91 ± 0.57 9.29 ± 1.60 

High�̅�𝑡𝑚𝑖𝑥→Direct 2.56 ± 0.03 2.72 ± 0.02 2.973 ± 0.011 5.10 ± 0.62 3.10 ± 0.54 

Med�̅�𝑡𝑚𝑖𝑥→Settle 2.53 ± 0.03 2.71 ± 0.03 2.987 ± 0.005 9.80 ± 0.84 7.96 ± 0.98 

Med�̅�𝑡𝑚𝑖𝑥→Direct 2.46 ± 0.05 2.73 ± 0.05 2.977 ± 0.003 4.61 ± 0.39 3.17 ± 0.12 

Low�̅�𝑡𝑚𝑖𝑥→Settle 2.06 ± 0.05 2.16 ± 0.14 2.943 ± 0.007 6.79 ± 0.39 3.37 ± 0.33 

Low�̅�𝑡𝑚𝑖𝑥→Direct 1.95 ± 0.02 2.12 ± 0.03 2.931 ± 0.001 5.93 ± 0.51 3.17 ± 0.26 
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Figure 5: Effect of pretreatment conditions on suspended flocs’ fractal dimension 

measured by two methods. 
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Figure 6: Transient behavior of permeate flux and specific hydraulic resistance of the membrane cake for different pretreatment 

scenarios. 
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(Table 2, Fig. 4).  This is expected as highly branched and loosely arranged aggregates 

characterized by low fractal dimensions are more likely to restructure into tightly packed 

aggregates under conditions of higher 𝐺𝑡𝑚𝑖𝑥. 

 

Pre-settling did not have a statistically significant effect on the results of fractal 

dimension measurements.  The fractal dimensions of settleable and non-settleable flocs 

were statistically the same and settling did not preferentially remove flocs of higher 

fractal dimension even though they generally should settle at a different rate [18, 51]. 

 

4.4 Ultrafiltration: Transient behavior permeate flux and specific cake resistance 𝛼𝑀  

 

Figure 6 illustrates how permeate flux and specific cake resistance changed during 

membrane filtration for different pretreatment scenarios.  The decrease in 𝛼𝑀 with 

filtration time is indicative of fractal growth.  An opposite trend was reported by Lee et 

al. [17] and attributed to cake compression.  It appears that under experimental conditions 

of our study cake compression was not significant enough to outweigh the porosity 

increase characteristic of a growing fractal deposit and to result in the overall 

densification of the cake.  In both studies cake thickness and resistance increased with 

time as reflected by the permeate flux decline but cake porosities followed opposite 

trends. 

 

The total filterable mass of solids was different for different pretreatment conditions (Fig. 

2, Table 1), which can partly explain observed differences in the transient behavior of 𝐽 

and 𝛼𝑀.  Specifically, pre-settling had the most salient effect on the kinetics of these two 

variables.  In direct filtration tests (-●-, -■-, -▲-), the permeate flux decline was higher 

and specific cake resistance was lower than in counterpart experiments where settling 

was included prior to membrane filtration (-○-, -□-, - Δ-).  Thus, the general conclusion is 

that in the absence of settling more porous and thicker cakes were formed and that their 

higher permeability was offset by the much larger deposited mass to result in an overall 

higher hydraulic resistance.  A more detailed interpretation of differences reported in Fig. 

6 requires information on the microstructure of membrane cakes. 
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Figure 7 describes evolution of cake porosity estimated using the approach introduced in 

section 2.2 (see eqs. (7) and (8b)).  The primary particle size, cd , was approximated by 

the hydrodynamic diameter of humic acid colloids in the stock solution (i.e. before 

coagulation) measured by dynamic light scattering to be 254 nm [58].  The value 

recorded using Mastersizer 2000 was of the same order of magnitude but somewhat 

smaller (Fig. 3).  While Mastersizer is particularly suitable for measuring size 

distributions of polydisperse suspensions, we chose to use the result of the dynamic light 

scattering test as it is more accurate in estimating the size of submicron particles in 

suspensions with a narrow particle size distribution. 

 

Figure 7: Evolution of average cake porosity during cake growth for different 

pretreatment conditions. The porosity is estimated based on measured 

permeate flux and the Happel model [52]. 

 

The primary particles were assumed to be spherical and the density of humic acid-alum 

aggregates was approximated by the value (1.5 g/cm3) typical of organics-rich soils (e.g. 

[59]). 
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The porosity of the cake can be viewed as comprising three hierarchy levels: porosity of 

primary particles, intra-aggregate porosity (i.e. porosity of flocs that make up the cake), 

and inter-aggregate porosity (i.e. porosity that corresponds to voids between flocs that 

make up the cake).  It was assumed that the primary particles were humic acid colloids 

with hydrodynamic diameter of ~ 0.25 µm while the aggregates were humic acid-alum 

composite flocs many microns in size (~ 307 µm in High�̅�𝑡𝑚𝑖𝑥 case, for example; see 

section 4.2).  Values reported in Fig. 7 represent average porosity (averaged over the 

entire volume of the cake) that includes both intra- and inter-floc porosity.  When the 

assumption of impermeable primary particles does not hold, the flow through particles 

should be taken into account [18] and the Brinkman or Happel equations should be used 

instead of the Carman–Kozeny equation [51].  It is for this reason that the Happel model 

was applied in our study. The differences in values of the average cake porosity predicted 

based on the Carman-Kozeny and Happel models were not large (see SM, Fig.S5). 

 

Except for the very early stages of filtration in some experiments, the average porosity 

increased with an increase in cake thickness approaching, in some cases, the random 

close packing value of 0.36.  An increase of cake porosity with the distance away from 

the membrane surface has been predicted numerically (e.g. [60]) and confirmed 

experimentally by invasive (e.g. [61, 62]) and non-invasive (e.g. [26, 37, 63]) evaluation 

of membrane cake structure.  With the porosity profile known, fractal dimension of the 

cake can be calculated. In contrast, continuing cake collapse should lead to a decrease in 

the overall cake porosity (primarily via a decrease in its inter-aggregate component); the 

observed increase in the average porosity indicates that cake collapse, if it does occur, is 

relatively unimportant. 

 

4.5 Fractal structure of membrane cakes 

 

Blocking law analysis showed that the resistance of the cake changed with filtration time.  

Application of the approach described in section 2 yielded high quality ( 99995.02 R ) 

scaling of cake thickness with cake mass for all conditions (Table 2).  Figure 8 gives an 

example of such scaling wherein eq. (1b) is used to illustrate the power law dependence 
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describing a fractal object.  While an increase in cake porosity with cake thickness (Fig. 

7) has been observed before [26, 37, 61-63] to our knowledge our study is the first to 

report that the evolution of cake porosity is subject to a scaling law given by eqs. (1b) and 

(3b). 

 

In most experiments scaling was observed throughout the entire duration of filtration but 

in some cases there were small deviations from this behavior during the early stages of 

filtration (e.g. for Low�̅�𝑡𝑚𝑖𝑥→Direct, Fig. 8).  For all datasets the fitting was performed 

by choosing the portion of the flux data that corresponds to later stage of filtration and 

expanding the dataset point by point until the square of the Pearson product moment 

correlation coefficient (𝑅2) decreased below 0.9995.  Thus, each 𝐷𝑐𝑎𝑘𝑒 value reported in 

Table 2 and Fig. 9 corresponds to the largest possible dataset that still affords a high 

quality (𝑅2 ≥ 0.9995) linear fit on a log-log graph. 

 

 

Figure 8: Illustration of the observed scaling indicative of the fractal structure of 

membrane cakes. Scaling is shown for only one of six pretreatment 

conditions. 
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The comparison of fractal dimensions of suspended flocs against fractal dimensions of 

membrane cakes (Fig. 9) leads to several observations: 

1) 𝐷𝑓𝑙𝑜𝑐 and 𝐷𝑐𝑎𝑘𝑒 values correlate albeit weakly with 𝑅2 = 0.86.  In consistence 

with observations of Antelmi et al. [19], this correlation indicates that “memory” 

of the aggregate structure is partly retained during the formation of membrane 

cakes from particle aggregates. 

2) Flocs formed under condition of low �̅�𝑡𝑚𝑖𝑥 (-●-, -○-) had lower 𝐷𝑓𝑙𝑜𝑐 and packed 

into membrane cakes with lower 𝐷𝑐𝑎𝑘𝑒 than flocs formed under conditions of 

medium and high �̅�𝑡𝑚𝑖𝑥 (-■-, -□-, -▲-, - Δ-). 

3) Pre-settling had only a small effect on 𝐷𝑓𝑙𝑜𝑐 and 𝐷𝑐𝑎𝑘𝑒 values (●→○, ■→□, 

▲→Δ).  In other words, fractal dimensions of settlable and non-settlable flocs 

were not dramatically different. 

4) The most salient feature of the relationship between 𝐷𝑓𝑙𝑜𝑐 and 𝐷𝑐𝑎𝑘𝑒 was that a 

broad range of 𝐷𝑓𝑙𝑜𝑐values (1.95 < 𝐷𝑓𝑙𝑜𝑐 < 2.56) mapped onto a very narrow 

range of 𝐷𝑐𝑎𝑘𝑒 values (2.92 < 𝐷𝑐𝑎𝑘𝑒 < 2.99).  The collapse of fractal dimension 

values into a narrow band close to (but with statistical significance smaller than) 3 

can be attributed to the breakup of flocs in the cake and cake restructuring.  This 

result is also consistent with findings of Antelmi et al. who used SANS for 

membrane cake characterization and reported very low fractal dimensions for the 

voids in membrane cakes [19]. Because the overall trend for cake permeability 

(Fig 6, right) and porosity (Fig. 7) was to increase with filtration time, most of the 

breakup and restructuring was likely experienced by flocs at the time of their 

addition to the cake. 

 

The implication of the above results is twofold.  On the one hand, the restructuring of 

flocs is not complete so that different floc morphologies translate into different cake 

morphologies where both flocs and cakes have fractal structures.  On the other hand, the 

correspondence is between a broad range of floc morphologies and a much narrower 

range of cake morphologies due to floc restructuring.  Thus, 𝐷𝑓𝑙𝑜𝑐 and not 𝐷𝑐𝑎𝑘𝑒 appears 
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to be a more useful parameter for establishing a correspondence between pretreatment 

and flux performance. 

 

Figure 9: 

 
Relationship between the fractal dimension of suspended flocs, D𝑓𝑙𝑜𝑐, and 

the fractal dimension of membrane cakes, 𝐷𝑐𝑎𝑘𝑒, formed from these flocs as 

a function of pretreatment conditions. D𝑓𝑙𝑜𝑐 values used in this Figure were 

measured by light scattering. 

 

4.6 Floc structure as the link between pretreatment conditions and ultrafiltration flux 

 

To compare permeability values from different experiments, we use mass-based specific 

cake resistance, M , given by eq. (7).  Figure 10 shows the relationship between M  (a 

metric of flux performance) and flocD  (a metric of floc microstructure) and how both are 

affected by pretreatment.  For concreteness, the reported values of M  are those that 
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correspond to the end of filtration experiments that is when 1.5 L volume of filtrate is 

collected. 

 

 

 

Figure 10: Effect of pretreatment on the structure and permeability of membrane cakes. 

Effects of mixing during flocculation and settling are illustrated by dashed 

and solid arrows, respectively. Pretreatment conditions are summarized in 

Table 1. 

 

4.6.1 Effect of �̅�𝑡𝑚𝑖𝑥 

 

In filtration tests with pre-settling the specific cake resistance increased with an increase 

in �̅�𝑡𝑚𝑖𝑥 (○→□).  This is an expected result given the more open floc structure (as 

reflected by lower values of 𝐷𝑓𝑙𝑜𝑐 and 𝐷𝑐𝑎𝑘𝑒, see Table 2, Fig. 9) for pretreatment 

conditions of lower �̅�𝑡𝑚𝑖𝑥.  In direct filtration tests, however, an opposite dependence 

was observed (●→■) when pretreatment at Low�̅�𝑡𝑚𝑖𝑥 (-●-) led to cakes of larger specific 
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resistance.  This different trend can be rationalized by assuming that in 

Med�̅�𝑡𝑚𝑖𝑥→Direct (-■-) tests very large flocs in the settlable fraction pack into more 

porous cakes even when restructured.  This explanation is supported by data from 

Low�̅�𝑡𝑚𝑖𝑥→Direct (-●-) and Low�̅�𝑡𝑚𝑖𝑥→Settle (-○-) experiments.  The difference in 

feed water floc populations in these two tests was not significant with both consisting of 

small flocs; in consistence with this data, the values of 𝐷𝑓𝑙𝑜𝑐 and  M  differ only slightly 

between these two sets of pretreatment conditions.  We note that the analysis of the effect 

of mixing conditions on M  could not be extended to include High�̅�𝑡𝑚𝑖𝑥 data (-▲-, - Δ-) 

as the pH was slightly higher in those tests (see Table 1). 

 

The common rationale for coagulation-flocculation as pretreatment is that aggregates of 

destabilized primary particles pack into cakes with higher porosity and, presumably, 

lower specific hydraulic resistance, M .  Our data (Fig. 9; also see section 4.5) indeed 

shows that despite significant difference between 𝐷𝑐𝑎𝑘𝑒 and 𝐷𝑓𝑙𝑜𝑐, some “memory” of the 

aggregate structure is preserved during cake formation.  However, analysis of data from 

filtration tests without pre-settling (i.e. Low�̅�𝑡𝑚𝑖𝑥→Direct, Med�̅�𝑡𝑚𝑖𝑥→Direct, and 

High�̅�𝑡𝑚𝑖𝑥→Direct) illustrates that  higher 𝐷𝑓𝑙𝑜𝑐 formed under Med�̅�𝑡𝑚𝑖𝑥→Direct and 

High�̅�𝑡𝑚𝑖𝑥→Direct conditions packed into cakes with statistically same (in case of 

High�̅�𝑡𝑚𝑖𝑥→Direct ) or slightly lower (in case of Med�̅�𝑡𝑚𝑖𝑥→Direct) specific cake 

resistances (Fig. 10) in comparison with those formed in Low�̅�𝑡𝑚𝑖𝑥→Direct tests.  This 

can be explained by taking into account the smaller size of flocs formed under 

Low�̅�𝑡𝑚𝑖𝑥→Direct conditions (Fig. 4) - smaller flocs tend to pack into less porous and 

less permeable cakes.  This underscores that both fractal dimension and floc size affect 

filterability of cakes [17, 20]. 

 

4.6.2 Effect of pre-settling 

 

Settling had the same effect on cake structure and permeability for all coagulation-

flocculation conditions: in all cases, cakes with higher specific hydraulic resistance were 

formed when the settalble portion of flocs was removed at the pre-settling stage.  The 
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effect of settling on M  was much more pronounced for flocculation conditions of 

medium and high �̅�𝑡𝑚𝑖𝑥 (▲→Δ, ■→□) than for low �̅�𝑡𝑚𝑖𝑥 (●→○).  This can be 

attributed to a larger difference between settlable and non-settlable flocs in fully 

flocculated feeds.  Notably, while pre-settling led to the formation of denser cakes, the 

change was only in M  but not in 𝐷𝑐𝑎𝑘𝑒.  

 

4.7 Implications for water treatment practice 

 

It is well established that Aldrich humic acid is not an ideal model of natural aquatic 

humic substances and that humic acid is only one of many components of natural organic 

matter [64]. Thus absolute values (of permeate flux, cake resistance, etc.) reported in the 

present study may not be representative of what is observed during the treatment of 

natural waters. An extension of this work to more realistic model feeds or natural feed 

waters would enable more accurate and practically useful predictions. The general trends 

and relative behaviors observed in this model study, however, may still be helpful for 

interpreting flux decline and optimizing pretreatment in real treatment systems. In what 

follows, we summarize such trends and discuss their practical implications. 

 

In experiments with full pretreatment (coagulation + flocculation + settling) simulating 

conventional filtration, the lowest flux decline was recorded for High�̅�𝑡𝑚𝑖𝑥→Settle 

pretreatment (-Δ-, Fig. 6).  While these pretreatment conditions produced membrane 

cakes with the highest specific resistance (𝛼𝑚 = 9.291013 m/kg, Table 2) the cakes were 

the thinnest as only a small fraction of solids (15.5%; Fig. 2, section 4.1) deposited on the 

membrane surface.  The specific resistance was high as non-settleable flocs are generally 

smaller than settlable and capable of packing into less porous cakes. 

 

In contrast, Low�̅�𝑡𝑚𝑖𝑥→Settle pretreatment (simulating incomplete flocculation) 

produced open structure (Fig. 4) and low fractal dimension (𝐷𝑓𝑙𝑜𝑐
𝐶𝑀 =2.16, Table 2) flocs 

that packed into membrane layers with lower fractal dimension (𝐷𝑐𝑎𝑘𝑒=2.94, Table 2) 

and relatively low specific hydraulic resistance (𝛼𝑚 = 3.371013 m/kg, Table 2).  
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However, because of the larger solids load (41%, Fig. 2) on the membrane, the flux 

decline (-○-, Fig. 6) was higher than in the case of High �̅�𝑡𝑚𝑖𝑥→Settle pretreatment.  

Based on the above considerations alone, High�̅�𝑡𝑚𝑖𝑥→Settle pretreatment appears to be 

optimal.  However, denser cakes may be more difficult to remove by hydraulic or 

chemical cleaning.  Thus a study of membrane cleaning efficiency as a function of 

pretreatment conditions is necessary to provide practically useful guidelines on the 

optimal choice of pretreatment. 

 

Med�̅�𝑡𝑚𝑖𝑥→Direct and High�̅�𝑡𝑚𝑖𝑥→Direct pretreatment scenarios (simulating direct 

filtration) resulted in membrane cakes with the lowest specific resistances but also 

produced the largest flux declines (-▲-, -■-, Fig. 6).  This points to the possible tradeoff 

between higher efficiency of hydraulic or chemical cleaning of membranes (as more 

porous cakes may be easier to remove) and higher frequency of cleaning (because of the 

faster flux decline). 

 

In Low�̅�𝑡𝑚𝑖𝑥→Direct experiments simulating inline filtration, the fraction of feed solids 

that fouled the membrane was the lowest (60.3%, Fig. 2) leading to a relatively low flux 

decline.  However, this was accompanied by poor removal of solids (Fig. 4).  
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5. Conclusions 

 

The effect of pretreatment on the ultrafiltration of an aqueous solution of humic acid is 

studied and interpreted in terms of the structural characteristics of humic acid flocs and 

membrane cakes.  Six sets of pretreatment conditions span three flocculation regimes 

(low, medium, and high �̅�𝑡𝑚𝑖𝑥) and the option of pre-settling of flocculated suspensions 

prior to membrane filtration.  The experiments roughly simulate three pretreatment 

choices corresponding to inline (low �̅�𝑡𝑚𝑖𝑥, no pre-settling), direct (medium or high 

�̅�𝑡𝑚𝑖𝑥, no pre-settling), and conventional filtration (medium or high �̅�𝑡𝑚𝑖𝑥, pre-settling). 

 

Permeate flux and specific cake resistance are shown to strongly depend on the type of 

pretreatment.  The correspondence between ultrafiltration performance and pretreatment 

conditions is established using the fractal dimension of a floc (𝐷𝑓𝑙𝑜𝑐, measured by light 

scattering and confocal microscopy) and the fractal dimension of a membrane cake 

(𝐷𝑐𝑎𝑘𝑒) as metrics of floc and cake microstructures.  We propose a non-invasive method 

for estimating  𝐷𝑐𝑎𝑘𝑒 and report excellent scaling with scaling exponents statistically 

different for different pretreatment conditions. Cake porosity is estimated based on 

experimentally-measured specific cake resistance and semi-empirical permeability-

porosity correlations (Happel equation).  We show that with the exception of very early 

stages of cake growth, the average cake porosity is increasing and that the increase can be 

quantified in terms of the fractal dimension, 𝐷𝑐𝑎𝑘𝑒.  While the increase in cake porosity 

with cake thickness has been observed before, to our knowledge this study is the first to 

report fractal scaling of cake thickness with cake mass. 

 

Different flocculation conditions are shown to produce flocs of different sizes and fractal 

dimensions with low 𝐺𝑡𝑚𝑖𝑥 favoring formation of flocs with a lower fractal dimension.  

At the same time, pre-settling does not favor flocs of certain fractal dimension and has 

the sole effect of increasing specific cake resistance by removing larger flocs from the 

membrane feed. 
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Values of 𝐷𝑓𝑙𝑜𝑐 and 𝐷𝑐𝑎𝑘𝑒 weakly correlate (𝑅2 = 0.86) and the broad range of 𝐷𝑓𝑙𝑜𝑐 

values from 1.95 to 2.56 (corresponding to different pretreatment conditions) maps onto a 

narrow range of 𝐷𝑐𝑎𝑘𝑒 values (from 2.92 to 2.99) pointing to the importance of breakup 

and restructuring that flocs undergo as they are incorporated into a growing cake.   

The weak correlation between 𝐷𝑓𝑙𝑜𝑐 and 𝐷𝑐𝑎𝑘𝑒 means that while the relationship between 

floc and cake microstructures is not strong, the choice of the flocculation regime (i.e. the 

choice of 𝐺𝑡𝑚𝑖𝑥) is relevant for permeate flux performance.  Information of the structure 

of flocs and membrane cakes complements flux data and may be useful in optimizing 

feed pretreatment.  The insights can be of particular value for determining the optimal 

tradeoff between the mass of deposit and its removability by hydraulic and chemical 

cleaning procedures. 
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List of Tables 

 

Table 1 Evaluated pretreatment processes. 

a Simulates the pretreatment train (coagulation + flocculation +settling) of a conventional 

filtration process.  

b Simulates the pretreatment train (coagulation+ flocculation) of a direct filtration process.  

c Simulates the pretreatment train (coagulation + minimal flocculation) of an inline 

filtration process. 

d Corresponds to ~ 10 mg(TOC)/L [53]. 

e Corresponds to �̅� = 210 s-1 and 𝑡𝑚𝑖𝑥 = 60 s.  

f Measured gravimetrically by weighing dried membrane cakes. 

 

Table 2 Characteristics of suspended flocs and membrane cakes formed from these 

flocs during ultrafiltration.  

a Determined by light scattering. 

b Determined by optical microscopy imaging and the box counting method. 

c Reported with a higher accuracy to illustrate statistically significant differences in 𝐷𝑐𝑎𝑘𝑒  

for different pretreatment conditions. 

d Measured at the time that corresponds to the cake mass of 10 mg. 

e Measured at the end of each experiment (i.e. for permeate volume of 1.5 L) 
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List of Figures 
 

Figure 1 Schematic diagram of the experimental apparatus. 

Figure 2 Fate of feed solids in the coagulation-flocculation-ultrafiltration process as 

a function of pretreatment conditions. 

Initial feed concentration of 89.17 mg(solids)/L includes 70 mg/L of 

coagulant and 19.7 mg/L of humic acid. 

Figure 3 Floc size distribution as function of flocculation time. 

Conditions: �̅�=40 s-1; 7 0 mg(alum)/L; pH 5.5. 

Figure 4 Representative confocal microscopy images of flocs in the ultrafiltration 

feed for different pretreatment conditions. 

Figure 5 Effect of pretreatment conditions on suspended flocs’ fractal dimension 

measured by two different methods. 

Figure 6 Transient behavior of permeate flux and specific hydraulic resistance of the 

membrane cake for different pretreatment scenarios. 

Figure 7 Evolution of average cake porosity during cake growth for different 

pretreatment conditions. 

Figure 8 Illustration of the observed scaling indicative of the fractal structure of 

membrane cakes. The slope of the linear portion of experimental 

dataset where data from separate tests collapse can be used to 

determine the fractal dimension. 

Figure 9 Relationship between the fractal dimension of suspended flocs, 

D𝑓𝑙𝑜𝑐(measured by light scattering) and the fractal dimension of 

membrane cakes, 𝐷𝑐𝑎𝑘𝑒, formed from these flocs as a function of 

pretreatment conditions.D𝑓𝑙𝑜𝑐 was measured by light scattering (blue 

symbols) and by applying box counting algorithm to confocal 

microscopy images of flocs (red symbols). 

Figure 10 Effect of pretreatment on the structure and permeability of membrane 

cakes. Effects of mixing during flocculation and settling are illustrated 

by dashed and solid arrows, respectively. Pretreatment conditions are 

summarized in Table 1. 
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