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ABSTRACT

Membrane technologies are very popular both in drinking water and wastewater treatment due to their signifi-
cant advantages. However, colloidal fouling is one of the main disadvantages of low-pressure membranes. Fine
particle ferric oxyhydroxide effectively protected membrane and adsorb humates, phosphates, arsenates, etc.
Dividing of adsorption and microfiltration into two stages was the recommended regime. Mixing with adsor-
bent was the first one and separation on the membrane was the second stage. The adsorbent with immobilized
impurities formed protective layer on the membrane surface. The non-adsorbed organic matter was left on this
thickness. During backwash, water flow removed the adsorbent with immobilized pollutants. Afterwards, mem-

brane was as clean as before filtration.
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INTRODUCTION

Membrane technologies are very popular both
in drinking water and wastewater treatment due to
their significantadvantages, for example, high pro-
cess automatization, small physical footprint, high
efficiency, simple maintenance, etc. (Fane, Wang
& Hu, 2015). However, this treatment method has
some disadvantages, especially fouling. There are
different kinds of this process, especially colloi-
dal fouling, organic fouling, inorganic scaling,
biofouling (She et al., 2016), but colloidal fouling
is the most unacceptable type (Sun et al., 2013).

Surface waters contain a lot of different or-
ganic components, among them humic com-
pounds, fulvic complexes, microbial polysaccha-
rides and others (Rosario-Ortiz, Snyder & Suffet,
2007). Microorganisms (bacteria, algae) produce
extracellular and cellular organic matter, which
consists from high-MW (> 100 kDa) polysac-
charides, peptides/proteins, etc. (Pivokonsky et
al., 2014). Humic and fulvic compounds are the
result of biomass decay (Kleber et al., 2015).
These high-molecular organic substances form

gel layer on membrane surface and inside pores
(Cai, Wee, & Benjamin, 2013). This process is
called colloidal and organic fouling.

Backwash and chemical enhanced back-
wash are used for cleaning membranes. How-
ever, in the case of colloidal fouling, backwash
does not give sufficient result. Therefore, this
gel layer can be removed only by chemical en-
hanced backwash (Sun et al., 2013). It reduces
the work time of membranes and increases the
consumption of chemicals for cleaning. Thus, it
causes higher operation and maintenance costs.
Hence, studies on new approaches in fouling
protection are very expedient. Optimizing of hy-
draulic conditions of feed water can reduce ex-
ternal fouling (on the membrane surface), but do
not have significant effect on the internal fouling
(in pores) (She et al., 2016). Increasing of cross-
flow velocity (Sim et al., 2014), usage of pulsed
flow (Blandin et al., 2016), air bubbling (Radaei
et al., 2018), feed spacers (Siddiqui et al., 2017)
are among these hydraulic methods of fouling
prevention. However, it is significantly more dif-
ficult to avoid internal fouling (She et al., 2016).
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There are some novel methods of fouling
prevention, for example, vibration unit (Shi &
Benjamin, 2009), (Su et al., 2018), or fine par-
ticle cover (Kim, Cai & Benjamin, 2008), espe-
cially heated iron oxide particles (Kim, Deng &
Benjamin, 2008) or aluminium oxides (Liu et al.,
2017). According to (Pivokonsky et al., 2014),
ferric oxides and hydroxides at pH 6.0-7.7 ef-
fectively adsorb plankton cells and cellular or-
ganic matter. According to the previous studies,
fine particle ferric oxyhydroxide may effectively
adsorb humates (Litynska & Maletskyi, 2017).
Moreover, hybrid method permitted to remove
pollutant ions, for example, arsenates, which are
present in many natural waters. Thus, combina-
tion of this adsorbent and microfiltration or ultra-
filtration membrane is very prospective.

MATERIALS AND METHODS

Iron (III) oxyhydroxide was precipitated from
FeCl, solution by thermal hydrolysis of urea. Syn-
thesized adsorbent consisted from small particles
with crystal structure of FeOOH (Litynska et al,
2018). Model water for humate adsorption ex-
periments contained sodium salt of humic acid as
colour component and NaHCO, in concentration
5 g/l as buffer component. The water pH was ad-
justed to 5.8 by 0.1 M HCI solution for modeling
of lake water from Nordic countries. The water
colour was about 60 mg Pt/l. Two types of adsor-
bents were used, especially synthesized ferric oxy-
hydroxide and powdered birch activated carbon.

Colloidal fouling was modeled by the usage of
starch solution in the concentration of 0.00015%.
Cellulose acetate membrane filter with pore size of
0.45 um was used as a microfiltration membrane.
After backwash residual starch was detected by
iodine colouring. The water from Dnipro river
was used for testing of hybrid method on the real
water. Water was mixed with ferric oxyhydroxide
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Figure 1. Colour removal for various doses
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suspension and separated by fixed in filter hold-
er membrane filter. Such parameters as colour,
UV-254, pH and others were measured in filtrate.
Total arsenate and phosphate concentration was
detected photometrically as a blue compound of
redoxing of heteropoly acids (Litynskaetal,2017).

RESULTS AND DISCUSSIONS

The synthesized adsorbent particles had sizes
in the range 0.5-3.0 um, the diameters of the main
part were about 1 um. According to the X-ray dif-
fractograms, FeOOH was the predominant phase.
The model water had colour about 60 mg Pt/l and
pH about 5.8. Suspension of ferric oxyhydroxide
(FOX-1u) and powdered activated carbon (PAC)
were used as adsorbents. Two kinds of depen-
dencies were discovered, for example, colour re-
moval = f(adsorbent dose) and colour removal =
f(adsorption time) (Figures 1-2). Figure 1 showed
the relations between the dose and removal effi-
ciency. Duration of adsorption on the shaker was
5 hours for reaching of the equilibrium. Adsorbent
doses were from 25 to 120 mg of dry sorbent/l.

According to the EU regulations, the maxi-
mum colour of drinking water was 20 mg Pt/l,
but the desired level was 5 mg Pt/l. Ferric oxy-
hydroxide needed doses 40 mg/l for allowable
colour (20 mg Pt/l) and 60 mg/I for desired co-
lour (5 mg Pt/l) in the case of 5 hour sorption,
while powdered activated carbon did not reach
these levels at the discovered range of doses.
Figure 2 described influence of adsorption dura-
tion on the removal efficiency. In the case of this
dependency, the adsorbent dose was 110 mg/1.

Iron (III) oxyhydroxide reached allowable
and desired removal efficiency after 4 and 6 min-
utes respectively, while powdered activated car-
bon did not measure up the allowable removal
efficiency. Starch solution was chosen for fouling
experiments due to its easy detection and ability
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Figure 2. Colour removal for different durations
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to form gel layer. Three regimes were discovered,
especially, usage of membrane without adsor-
bent, usage of membrane with inflicted adsor-
bent layer, filtration of water-adsorbent mixture
throw membrane (Figures 3—5). Figure 3 showed
the principal model of filtration of water with
high organics content through microfiltration or
ultrafiltration membrane.

The first stage described entering of untreated
water to the membrane. The second stage illus-
trated filtration through microfiltration mem-
brane. Highly-molecular organic matter formed a
gel layer on the membrane surface and clogged
the pores. Lowly-molecular substances and dif-
ferent ions, for example arsenates, leaked through
the microfiltration membrane. Therefore, the
treatment efficiency was insufficient. Water after
membrane had high colour and arsenate removal
was approximately zero. Backwash was the third
stage. The main part of the formed gel layer could
not be removed by simple backwash due to the
adhesion of natural organic matter to the mem-
brane. Figure 4 described filtration through a
membrane with inflicted adsorbent layer.

Before treatment, a portion of the diluted
adsorbent suspension went to the membrane
and formed protective thickness under pressure.
The first stage showed entering of raw water to
the membrane with fixed adsorbent layer. Water
treatment was the second step. Such impurities
as arsenates, absorbed on the ferric oxyhydroxide
particles. The arsenate ions were smaller than the
pore size of membranes, but the adsorbent par-
ticles had larger diameter than pores. Hence, the
arsenic compounds were immobilized in the form
of insoluble ferric arsenate on the surface of ad-
sorbent particles, which were separated from the
water due to the size difference. Organic compo-
nents formed gel thickness atop the sorbent layer.
The third stage illustrated membrane cleaning
due to backwash process. A gel layer adhered to
the adsorbent cover. Thus, during backwash, or-
ganics were removed with ferric oxyhydroxide
particles. Figure 5 showed filtration of adsorbent-
water mixture through a membrane.

Mixing of raw water and ferric oxyhydroxide
was the first stage. The second step described the
interaction between the adsorbent particles and
impurities. Arsenates were immobilized on the
particle surface due to formation of insoluble fer-
ric arsenate. The phosphate removal mechanism
was the same. Part of natural organic matter was
adsorbed and other part was in solution because
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Figure 3. Process of membrane fouling
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Figure 4. Fouling prevention by adsorbent layer
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these organics had different properties. Separation
was the third step. Adsorbent with immobilized
impurities formed a protective layer on the mem-
brane surface. The non-adsorbed organic matter
was left on this thickness. Backwash was the fourth
stage. Water flow removed the adsorbent with im-
mobilized pollutants. Afterwards, membrane was
as clean as before filtration. Figure 6 demonstrat-
ed the efficiency of protective adsorbent layer.

Colloidal fouling was modeled by the usage of
starch solution in the concentration of 0.00015%.
Cellulose acetate membrane filter with pore size of
0.45 um was used as a microfiltration membrane.
After backwash, residual starch was detected by
iodine colouring. Starch formed the gel layer on
the membrane surface, which could not be re-
moved during backwash (Figure 6a). After iodine
colouring, this thickness became blue (Figure 6b).
Hence, fouling was really easily detected. In the
case of adsorbent protection, starch did not form a
gel layer on the membrane, only on the thickness
of ferric oxyhydroxide. Therefore, iodine colour-
ing of the membrane after backwash did not give
blue colour (Figure 6d).Synthesized ferric oxyhy-
droxide was effective as reagent for prevention
of colloidal fouling. Filtration velocity dramati-
cally decreased during membrane filtration due
to the formation of a resistant gel layer. In this
case, backwash did not give a significant effect
because starch adhered to the membrane surface.

Both methods of ferric oxyhydroxide usage
demonstrated a positive result on fouling preven-
tion. However, the filtration of adsorbent-water
mixture through a membrane was more effective
than the filtration through a membrane filter with
inflicted adsorbent layer, because at the beginning
of the process, the membrane with fixed ferric
oxyhydroxide had a higher flow resistance than
a single membrane. Moreover, formation of an

organic layer on the adsorbent thickness signifi-
cantly decreased the filtration velocity. The initial
filtration velocity for membrane with inflicted ad-
sorbent was 0.736 m/h and decreased about twice
after 2.5 minutes of filtration of model water with
the starch concentration of 0.00015%. In the case
of mixed process, NOM molecules were adsorbed
on the ferric oxyhydroxide particles and did not
decrease the velocity due to formation of gel layer.
Resistance grew up only due to increasing of sor-
bent thickness on the membrane. Initial filtration
velocity for experiment with mixing stage was
1.302 m/h and decreased about twice after 3 min-
utes of filtration of starch solution in the concen-
tration of 0.00015%. Starch-based model water
contained higher quantity of fouling components,
so clogging was significantly quicker than for
natural waters. Thus, in terms of colloidal fouling
protection the recommended regime was divid-
ing of adsorption and microfiltration in two stag-
es. Mixing with adsorbent was the first one and
separation on the membrane was the second one.
The water from Dnipro river was used for
testing the hybrid method on real water. The wa-
ter was sampled in Kyiv on 05.06.2018. Figure 7
illustrated the choice of mixing duration.
Dearsenication was more important than
natural organic matter removal due to the high
toxicity of arsenic compounds. In general, the
surface water in Kyiv had about 30 pg/l of to-
tal arsenic. However, the arsenates and phos-
phates removal had the same mechanisms and
there was contention between these ions. Thus,
determination of total content of these ions was
relevant. The adsorbent dose was 110 mg of dry
sorbent/l. According to the Figure 7, 30 min-
utes was enough for arsenates and phosphates
removal. Thus, next experiments had duration
of the mixing stage 30 minutes. Table 1 showed

Figure 6. Prevention of colloidal fouling:

a) membrane filter after backwash (without adsorbent protection); b) membrane filter after backwash (without
adsorbent protection) coloured by iodine solution; ¢) membrane filter after backwash (with adsorbent protection);
d) membrane filter after backwash (with adsorbent protection) coloured by iodine solution
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Figure 7. Influence of mixing time on total removal of phosphates and arsenate

the relations between adsorbent dose and param-
eters of the treated water

Three adsorbent dosages (50, 110 and
150 mg/l) were tested. Even 50 mg/l was very
effective in the removal of arsenates and phos-
phates. The purification efficiency increased rap-
idly to the dose 110 mg/l, whereas in the range
of 110-150 mg/I there was a much less intensive
process. The dose of 110 mg/l was sufficient for
the virtually complete removal of inorganic com-
pounds of arsenic and phosphorus from water. The
organic matter for this dose was removed only by
half. At the dose of 150 mg/l reducing was almost
two thirds. Thus, in the beginning the removal of
arsenates and phosphates took place due to the
formation of insoluble ferric compounds. The
chemisorption processes occurred. The NOM re-
moval was significantly slower. As a result, there
was pH increasing of water after treatment with
growing of sorbent doses, so we could assume

Table 1. Treatment efficiency for three adsorbent doses

Adsorbent dose, mg/I| 50 110 150
A/A, (840 nm) 0.284 | 0.088 | 0.069
A e (840 nm) 0.010 | 0.003 | 0.002
A/A, (450 nm) 0.636 | 0.517 | 0.379
A/A; (254 nm) 0.881 | 0.787 | 0.721
pH after adsorption 8.05 8.12 8.15
Change of pH 0.29 0.36 0.39
,:rlfna;z;}ity after adsorption, 34 38 4.4
Change of alkalinity, mmol/l 0.0 0.4 1.0
Filtration velocity, m/h 4.08 2.60 1.88
COD after adsorption, mg O,/I 24 16 12
Change of COD, mg O,/I 32 40 44
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that treatment had ion exchange mechanism, in
which OH-ions came to the liquid phase and it led
to increasing the pH. Moreover, total iron content
in water dramatically dropped after treatment and
became lower than the legislative level.

Different natures of NOM could be the reason
of insufficient removal of organic matter. Natural
organic matter could be hydrophobic or hydro-
philic, have negative, neutral or positive charge,
etc. Thus, ferric oxyhydroxide was not effective
for all types of NOM. In the case of high organic
content, application of adsorbents mixtures was
recommended, for example, suspension of ferric
oxyhydroxide and powdered activated carbon.
According to the table 1, coloured compounds
(humates) (450 nm) were removed better than un-
coloured or slightly coloured other organics hav-
ing a benzene ring in its structure (254 nm). It
was confirmed that the ferric oxyhydroxide was
selective in relation to the anions.

CONCLUSIONS

1. Membrane technologies are very popular both
in drinking water and wastewater treatment due
to their significant advantages, for example,
high process automatization, small physical
footprint, high efficiency, simple maintenance,
etc. However, this treatment method has some
disadvantages, especially fouling. There are
different kinds of fouling, but colloidal foul-
ing is the most unacceptable type. Fine par-
ticle ferric oxyhydroxide effectively protected
membrane and adsorb humates, phosphates,
arsenates, etc.
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2. Both methods of usage of ferric oxyhydroxide

demonstrated a positive result on fouling pre-
vention. However, filtration of adsorbent-water
mixture through membrane was more effective
than filtration through membrane filter with
inflicted adsorbent layer, because in the begin-
ning of the process, the membrane with fixed
ferric oxyhydroxide had higher flow resistance
than a single membrane. Moreover, formation
of organic layer on the adsorbent thickness sig-
nificantly decreased the filtration velocity. In the
case of mixed process, the NOM molecules were
adsorbed on the ferric oxyhydroxide particles
and did not decrease the velocity due to the for-
mation of a gel layer. Resistance grew up only
due to increasing of the sorbent thickness on the
membrane. Thus, in terms of colloidal fouling,
protection recommended regime was dividing
of adsorption and microfiltration in two stages.
Mixing with adsorbent was the first one and
separation on the membrane was the second one.

. Consequently, the proposed sorption mem-

brane method allowed easy and efficient nor-
malization of arsenic, phosphate, iron level
and in the case of high doses, it significantly
decreases the colour of water to the normative
value. Additionally, the use of this sorbent in-
creased the pH of water, which, according to
the Langelier saturation index, reduced the
probability of corrosion of the pipelines and
made the water more organoleptically pleasant.
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