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a b s t r a c t
One of the major concerns for the successful application of ultrafiltration in drinking water produc-
tion is membrane fouling due to NOM occurring in water resources. Coagulation as a prior step 
before ultrafiltration enhance membrane permeability and its general lifetime. The main objective 
of this work was to determine the impact of various coagulant dosage and backflush pressure on 
fouling behavior and cake layer formation in a lab-scale inline coagulation–ultrafiltration system 
treating surface water spiked with humics. Permeability loss and the irreversible fouling resistance 
were the most serious in the system without coagulation. As the coagulant dosage increased, 
permeability drifted toward lower values suggesting a higher degree of fouling. It was also pro-
nounced by higher compressibility of cake layer under higher coagulant dosage. A strong correlation 
was found for backflush pressure and fouling resistance. The most serious fouling attributed to the 
highest value of irreversible resistance was observed for the lowest backflush pressure (0.35 bar). 
Backflushing under 0.65 bar resulted in complete removal of cake layer with no need of forward 
flushing. Mass balance calculation suggested that the irreversible fouling was an effect of the 
internal blocking of pores by adsorption of humic substances.
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1. Introduction

Natural organic matter (NOM) is defined as a mixture 
of organic substances, which widely occurs in surface 
waters. Concentration, fractions, and properties of NOM 
vary significantly in water resources and depend on biogeo-
chemical cycles of surrounding environment [1]. The domi-
nant fraction (50%–90%) of NOM is humic substances (HS), 
that have been considered as the most serious disinfection 
by-products [2]. Moreover, HS are the most difficult fraction 
to remove [3]. NOM in drinking water sources impairs 
quality of water and makes water treatment process more 
complicated [4].

Over the past few years, ultrafiltration has been com-
monly used as technique for drinking water production 
[5–8]. Nevertheless, NOM membrane fouling is one of the 
most significant difficulty affecting permeability of ultrafil-
tration membranes in water treatment plants [9,10]. In that 
context, the most serious fraction is humic substances caus-
ing irreversible fouling. Hence coagulation pretreatment 
prior to membrane filtration has been widely implemented 
to control fouling and improve membrane permeability 
[11]. One approach of coagulation pretreatment is inline 
coagulation–ultrafiltration (C–UF), in which the coagulant  
is added just before the ultrafiltration step, with contact 
time usually shorter than 1 min. It yields that C–UF is less 
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complicated and requires less coagulant dosage and shorter 
coagulation time comparing with conventional C–UF [12].

During inline C–UF, colloids and dissolved organic mat-
ters are bonded in larger flocs, which form the cake layer. 
This layer is suggested to protect membrane surface from 
pore clogging by smaller than membrane pore size fou-
lants and should exhibit detachability by backflushing [13]. 
Therefore, the structural properties of cake layer such as 
compressibility, porosity, and thickness are considered as a 
key parameter to control membrane fouling. Many authors 
reported cake layer structure is influenced by floc properties 
such as size, fractal dimension, charge, and shape [9,14,15].

Floc size and consequently structure of cake layer 
are affected by coagulant dosage, type, and coagulation 
regime. In view of the pore size of UF membranes (around 
10–100 nm), the floc size does not need to be very large to 
prevent fouling by internal clogging. Therefore, inline coag-
ulation at underdose conditions yields similar results to 
inline coagulation at sweep floc conditions [16,17]. Thus, 
while reducing the coagulant addition and controlling 
membrane fouling, coagulation at underdose conditions is 
beneficial for operation costs of ultrafiltration plants. Both 
iron- and aluminum-based salts can be used as a coagulant. 
For the inline- coagulation process, FeCl3 was found to be 
more suitable than polyaluminum chloride (PACl) due to the 
formation of a more permeable cake layer [18].

NOM foulants that are not removed with cake layer 
during backflushing are responsible for irreversible 
fouling. When the accumulation of irreversible fouling 
gains a critical level, backflushing is no longer effective to 
recover the membrane permeability and chemical clean-
ing is required [19]. However, chemical cleaning signifi-
cantly increases costs and generates waste chemicals [20]. 
Therefore, optimization of C–UF conditions with regards 
to process conditions providing permeable and easy to 
remove cake layer is very important. 

Both the effect of coagulant dose on floc size as well clear 
relation that higher backflush pressure provides higher 
force to remove cake layer is well-known [21,22]. However, 
these data do not visualize the compressibility and detach-
ability of deposited cake in dependence of process condi-
tions, which are crucial to reduce irreversible fouling and 
restore membrane permeability. Currently, available data 
do not image the impact of backflush pressure on cake 
layer removal.

The aim of this study was to determine an effect of 
coagulant dosage and backflush pressure on fouling behav-
ior and cake layer removal. For this purpose, this study 
used in-situ observation of the fouling cake layer by optical 
coherence tomography (OCT).

2. Materials and methods

2.1. Feed water

Experiments were conducted at creek water (Chriesbach, 
Dübendorf, Switzerland). Due to low content of NOM in 
creek water as taken, this water was spiked with technical 
grade humic acid (Sigma-Aldrich, Poznań, Poland, 14 ppm). 
It allowed to provoke a considerable fouling and at the same 
time reflect a real conditions of surface water. The NOM 
composition of feed water, as analyzed by liquid chroma-

tography-organic carbon detection (LC-OCD), is presented  
in Table 1.

2.2. Experimental setup and membrane

A schematic diagram of the lab scale inline C–UF config-
uration used in this study is presented in Fig. 1. Flat sheet 
polysulfone membrane US100 with the MWCO (molecular 
weight cut-off) of 100 kDa was provided by Microdyn 
Nadir (Germany). Before each experiment the membranes 
were soaked in nanopure water for 24 h and the clean water 
flux was determined using ultrapure water. Membrane 
flow cells with a membrane surface area of 0.0023 m2 were 
used, as described in previous investigations [23]. The 
coagulant solution was introduced to the feed water stream 
providing a residence time of 40 s in the tubing between 
the water/coagulant mixing point and the membrane mod-
ule. The process was operated at a constant flux of around 
100 L/m2 h and a constant temperature of 22°C ± 1°C. Initial 
feed pressure was 0.15 bar. The transmembrane pressure 
and the weight of permeate were monitored in order to 
determine the flux, permeability, and resistance values. 
A specific design of membrane flow cells was used in which 
the flat membranes are clamped using screws and O-rings. 
These modules are suitable for in-situ observation of the 
fouling layer by OCT.

2.3. Coagulant dosage testing

Inline C–UF tests were carried out with 2, 5, and 10 ppm 
of iron chloride as coagulant. In initial studies, iron chlo-
ride dosage of 1 ppm was also tested, due to almost iden-
tical permeability loss to filtration without coagulation, the 
further studies with 1 ppm were not continued. Coagulant 
solution was dosed continuously during ultrafiltration. 
Each C–UF run consisted of three cycles including 60 min 
of filtration followed by hydraulic backflushing carried 
out during 60 s at 0.65 bar, and a forward flush during 60 s 
at a flow rate of 0.3 L/min. Comparatively, filtration test 
without coagulant was conducted.

2.4. Backflushing experiment

In order to determine the effect of backflush pres-
sure on fouling behavior and unsticking of cake layer by 

Table 1
Composition of the feed water used, as analyzed by LC-OCD

NOM fractions Chriesbach water 
spiked with humic 
acid

TOC, ppb-C 3,909
DOC, ppb-C 3,454
Biopolymers, ppb-C 36
Humic substances, ppb-C 1,782
Building blocks, ppb-C 569
Low molecular weight–organics ppb-C 135
Neutrals, ppb-C 511
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backflushing, three experiments with different backflush 
pressures were carried out. Each C–UF run consisted of three 
filtration cycles including 90 min of filtration followed by 
hydraulic backflushing carried out at 0.35, 0.55, or 0.65 bar 
during 60 s and a forward flush during 60 s at a flow rate 
of 0.3 L/min. Continuous dosing of 5 ppm of iron chloride 
was used.

2.5. Ultrafiltration performance and membrane fouling 
characterization

Performance of ultrafiltration was evaluated by permea-
bility according to the Eq. (1):

L V A t
Pp =

⋅ ⋅− −1 1

∆
 (1)

where: Lp is permeability (L m–2 h–1 bar–1) in short (LMHB), 
V is permeate volume (L), A is membrane surface area (m2), 
t is permeate time collection (h), and ∆P is transmembrane 
pressure (bar).

In this study, hydraulic resistances were used to charac-
terize the fouling behaviour of UF membranes treating sur-
face water. Hydraulic resistances of membrane and fouling 
layer were calculated using the resistance in series model 
and Dacy’s law using Eqs. (2)–(4) [24]:

k k km ftot = +  (2)

k k kf = +irr rev  (3)

k P
J

=
⋅
∆
µ

 (4)

where: k is hydraulic resistance, where subscripts m, f, irr, 
rev, tot relate to membrane, fouling, hydraulically irre-
versible fouling, hydraulically reversible fouling and total 
(m–1), respectively, J is the flux (m3 m–2 s–1), ΔP is the trans-
membrane pressure (kg s–2 m–1), µ is the dynamic viscos-
ity of water at given temperature (kg m–1 s–1). Membrane 
resistance (km) was measured for the clean membrane with 

ultrapure water prior to feed water filtration. Hydraulically 
irreversible resistance was determined from the flux after 
backflushing, while hydraulically reversible resistance was 
determined from the difference in fouling and irreversible 
resistances.

The OCT (model 930 nm Spectral Domain, Thorlabs 
GmbH, Dachau, Germany) with a light-source wavelength 
of 930 nm was used to investigate the morphology (in the 
mesoscale) of fouling layer by direct imaging through the 
cover glass of the flow cells. In order to determine the cake 
layer thickness and floc size, the OCT pictures were analyzed 
using Fiji software.

2.6. NOM characterization by LC-OCD-OND and mass balance

NOM characterization and quantification was carried 
out using LC-OCD-OND, enabling the fractionation of 
NOM in representative fraction as described previously 
[25]. Carbon-free sample vials were used (muffle furnace 
450°C for 4.5 h) and great care was taken to avoid any 
other source of carbon contamination during the sample 
collection and analysis procedure.

For the calculation of the NOM mass balance, samples of 
feed water (F), backflush water (BF), and forward flush water 
(FF) were analyzed by LC-OCD-OND and the fraction of 
deposited material (A) of each NOM fraction was calculated 
from the Eq. (5):

A
C V C V C V

C V
P P

F F

= −
+ +







×1 100BF BF FF FF %  (5)

where V denotes the total volume of the respective stream 
(L), accumulated over all filtration cycles and C denotes the 
concentration of the respective NOM fraction (ppb).

3. Results

3.1. Effect of coagulant dose on membrane fouling during 
C–UF process

A hydraulic performance of all C–UF processes was eval-
uated by permeability loss as a function of time. As shown 
in Fig. 2, the permeability decreased rapidly in the first cycle 
for all studied configurations. It was an effect of a rapid 
adsorption/deposition of the feed components on the mem-
brane surface [26]. In sequential cycles, the permeability loss 
was slighter due to establishment of steady state. Look et al. 
[27] also reported that permeability decreased sharply at the 
beginning of permeation and then reached a relatively steady 
state.

Importantly, the final permeability in the processes 
enhanced by inline coagulation was all higher than it was 
for filtration itself. More specifically, the final permeability 
was 263 LMHB for filtration without coagulation. However, 
inline C–UF processes with 2, 5, or 10 ppm of FeCl3 exhib-
ited higher final permeability of 440, 391, and 392 LMHB, 
respectively. It means that membrane hydraulic perfor-
mance was significantly improved by coagulation. Probably, 
organic ingredients of raw water blocked membrane pores 
and caused higher fouling [28]. When they coagulated, they 
formed bigger aggregates creating semipermeable layer. 

 
Fig. 1. Schematic diagram of the experimental setup.
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Comparing permeability loss in C–UF with different coagu-
lant dosage, the highest performance was observed for 2 ppm 
and the lowest for 10 ppm. The impact on coagulant dose 
has previously been described by several authors, showing 
an optimum coagulation dose dependent on the feed water 
composition, and an increasing fouling behavior at higher 
doses [16,17,29,30].

The performance of inline C–UF processes was also 
evaluated by portion of reversible and irreversible resis-
tances. As seen in Fig. 3, significant proportion of the 
increase in resistance during both inline C–UF and UF with-
out coagulation was irreversible in nature. Irreversibility 
of fouling can be a consequence of high content of humic 
substances that adsorb easily in membrane pores and are 
not removed by backflushing [31]. In filtration without 
coagulation, irreversible fouling was much more serious 
than in C–UF processes. This suggested positive effect of 
coagulation since some part of humic substances formed 
bigger aggregates which did not block the internal pores 
due to steric hindrance. The results for inline C–UF showed 
similar reversible and irreversible fouling resistance values 
for doses of 5 and 10 ppm, but lower irreversible fouling 
occurred at a dose of 2 ppm. It can be explained by the 
formation of a thicker and more compressed cake layer 
at doses above the optimal dose [18]. As seen in Fig. 4, a 
distinct cake layer was formed on the membrane, which is 
known to consist of complexes of Fe, NOM, and particulate/

dispersed matter present. From OCT pictures and Table 2, 
it is clear that coagulant dosage influences on thickness and 
compressibility of cake layer. Both cake layer thickness and 
floc size increased with coagulant dosage. Thin and loose 
cake observed for 2 ppm seemed to be more prone to be 
removed by backflushing while the more compact cake 
formed under 10 ppm was harder to detach.

3.2. Effect of backflush pressure on fouling behavior

As seen in Figs. 5 and 6, a higher backflush pressure 
resulted in better permeability recovery and lower foul-
ing resistance, especially with regard to the hydrauli-
cally irreversible fouling. It is because of backflushing at 
higher pressure removes not only cake layer deposited 
on the membrane but also fragmentarily particles from  
pores [32].

It was also found that reversible resistance exhibited 
relatively similar value in cycles 1–3, while irreversible 
fouling increased greatly cycle by cycle. It suggested that 
under given conditions (feed compositions and backflushing 
conditions) reversibility of fouling did not change greatly. 
Oppositely, the irreversible resistance tended to increase 
since foulants in pores accumulate over time [33]. Katsou 
et al. [34] also reported that rapid irreversible fouling 
occurs when internal pore adsorption takes place for a long 
time. Obtained results correspond well with OCT pictures 

Fig. 2. Permeability loss as a function of time for inline C–UF processes and filtration without coagulation.

Fig. 3. Irreversible and reversible fouling resistances of in-line C–UF processes and filtration without coagulation. Each bar 
corresponds to the filtration cycle 1–3.
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Fig. 4. (a–c) Effect of coagulant dosage of formation of cake layer under coagulant dose 2, 5, and 10 ppm, respectively. Pictures rep-
resent the cake layer after the first filtration cycle. Three-dimensional OCT projections represent membrane (top) and fouling layer 
(bottom). Interface of membrane and cake layer is marked by the red dashed line.
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(Fig. 7) and Table 3 presenting an increase in cake layer 
thickness within cycle 1–3.

Fig. 8 furthermore showed that the increase in back-
flush pressure from 0.35 to 0.55 bar led to the increased 
detachment of the fouling layer, which could be removed 
to a great by forward flushing. These results showed that 
backflushing at a pressure of 0.35 bar only resulted in a 
partial removal of the cake layer, while complete removal 
was observed at backflushing with 0.65 bar and after 
combined backflushing (0.55 bar) and forward flushing. 
Nevertheless, a further reduction of fouling resistances 
was observed when increasing the backflush pressure 
from 0.55 to 0.65 bar, as shown in Fig. 6.

In order to investigate this further, the organic compo-
sition of membrane deposits was investigated. The results 

(Fig. 9) showed that biopolymers, humic substances and 
building blocks were all deposited at the membrane and 
still present after back- and forward-flushing. The accumu-
lation of the total amount of NOM dissolved organic carbon 

Table 2
Effect of coagulant dosage on cake layer thickness and floc size

Coagulant 
dosage

Cake layer thickness Floc size

Average, µm Min., µm Max., µm Average, µm Min., µm Max., µm

2 ppm 27.9 10.8 48.9 44.9 23.5 87.3
5 ppm 29.0 20.8 47.9 59.9 15.6 102.7
10 ppm 57.9 27.5 98.0 90.0 53.0 122.2

Fig. 5. Permeability loss as a function of time for inline C–UF processes under various backflush pressures.

Fig. 6. Effect of backflush pressure on irreversible and reversible fouling resistances of in-line C-UF processes. Each bar corresponds 
to the filtration cycle.

Table 3
Cake layer thickness in cycles 1–3

Cycle number Cake layer thickness

Average, µm Min., µm Max., µm

1 42.9 32.6 51.0
2 56.7 42.9 65.3
3 100.8 64.6 152.0
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Fig. 7. (a–c) OCT images of membrane (top) and fouling layer (bottom) after first, second, and third filtration cycle, respectively. 
Coagulant dosage was 5 ppm, backflushing between cycles were conducted under 0.65 bar. The red dashed line represents the 
membrane/fouling layer interface.
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(DOC) decreased with increasing backflush pressure, while 
specifically an amount of deposited biopolymers decreased 
significantly with increasing pressure. While the cake 
layer is practically completely removed at pressures above 

0.55 bar, it can be assumed that the dominant fouling mech-
anism is internal fouling (pore blocking) and adsorption. 
Pore blocking is likely to be related to humic substances, 
while biopolymers are known to adsorb to membranes [35]. 

 
Fig. 8. OCT images of membrane (top) and fouling layer (bottom) before and after backflushing as well as after forward flush at 
different backflush pressures—cycle 1. The scale bars indicate 100 µm.
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By increasing the backflush pressure, material deposited 
on membrane surface can in principle be removed, while 
adsorbed in pores humics can only be removed by chemical 
cleaning measures. Our results confirm the importance of 
humic substances as a fouling (pore-blocking) compound, 
since its deposition is significantly reduced at increasing 
backflush pressure. Irreversible fouling by inorganic parti-
cles humic substances has been described extensively in the 
literature for different types of waters [28,36], which corre-
sponds with the results presented here. The application of 
in-line coagulation can minimize the fouling effects of NOM 
but cannot completely prevent it, presumably since a part of 
the NOM molecules do not aggregate and can lead to irre-
versible fouling due to adsorption and pore blocking.

4. Conclusions

This study examined the performance of inline coag-
ulation–UF–NF process treating surface water containing 
NOM. The main findings are as follows:

• For the C–UF processes treating creek water, a domi-
nant portion of fouling was irreversible. The irrevers-
ible resistance increased over time due to incremental 
foulants accumulation, while reversible resistances did 
not change greatly in cycles 1–3.

• Under the optimal iron chloride dosage of 2 ppm, UF 
membrane permeability loss was reduced by 60%. In 
C–UF processes irreversible fouling was less serious 
than in ultrafiltration without coagulation. Owing to 
coagulation, bigger particles were created that did not 
block pores irreversibly. Cake layer created under coag-
ulant dosage of 2 ppm was less compressed and easier 
to remove by backflushing.

• As backflush pressure increased, higher permeabil-
ity recovery was observed. Higher backflush pressure 
reduced the membrane fouling, mainly with respect to 
the irreversible fouling component. It was attributed to 
the combined effect of cake layer removal and removal 
of internal fouling. It was found that, the biopolymers 
deposition on the membrane decreased with increas-
ing backflush pressure, which is especially important to 
reduce internal pore blocking.

• From OCT pictures was concluded that, complete 
removal of the cake layer was observed for backflush-
ing at 0.65 bar and combined backflushing (0.55 bar) 
and forward flushing, while the cake was only partially 
removed at 0.35 bar.
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