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Abstract: The aim of this study is to examine the application of a low cost ceramic filter for
the treatment of sand filter backwash water (SFBW). The treatment process is comprised of
pre-coagulation of SFBW with aluminum sulfate (Alum) followed by continuous filtration usinga low
cost ceramic filter at different trans-membrane pressures (TMPs). Jar test results showed that 20 mg/L
of alum is the optimum dose for maximum removal of turbidity, Fe, and Mn from SFBW. The filter
can be operated at a TMP between 0.6 and 3 kPa as well as a corresponding flux of 480-2000 L/ m2/d
without any flux declination. Significant removal, up to 99%, was observed forturbidity, iron (Fe),
and manganese (Mn). The flux started to decline at 4.5 kPa TMP (corresponding flux 3280 L/m?/d),
thus indicated fouling of the filter. The complete pore blocking model was found as the most
appropriate model to explain the insight mechanism of flux decline. The optimum operating pressure
and the permeate flux were found to be 3 kPa and 2000 L/m?/d, respectively. Treated SFBW by a low
cost ceramic filter was found to be suitable to recycle back to the water treatment plant. The ceramic
filtration process would be a low cost and efficient option to recycle the SFBW.

Keywords: sand filter backwash water; coagulation and flocculation; ceramic filter; flux; TMP;
Turbidity; Fe; Mn

1. Introduction

In current practice, ground water is being treated by conventional treatment processes including
oxidation, coagulation, flocculation, sedimentation, and sand filtration. To maintain the efficient flux
in filtration, it is essential to perform regular backwashing of the sand filter (one/twice a day). During
this process, a large amount of wastewater is produced, particularly from the sand filter backwashing.
It is estimated that, on average, approximately 2-10% of drinking water produced by conventional
water treatment plant (WTP) is used for backwashing [1]. A backwash operation typically entails
flushing the water in the reverse direction to that of normal flow. During the process, the accumulated
contaminants are detached from the filter, and the resulting water is called sand filter backwash water
(SFBW) that contains a high amount of suspended solid, colloidal materials, inorganic metals (Fe, Mn,
and Al), natural organic matter, bacteria, viruses, invertebrates, and protozoa.

In many parts of the world, water-treatment plants are using a sedimentation basin to recycle the
backwash water to the treatment plant [2,3]. In the Kingdom of Saudi Arabia (KSA), it is estimated
that approximately 26 million m3/year of treated water is used during the backwashing processes
of filtration plants. So far, most of WTPs in the KSA typically discharge their generated SFBW into
evaporation ponds or municipal sewerage systems. The backwash water in the evaporation pond
may cause contamination of groundwater through leaching of heavy metals from pond sediments.
Additionally, growing urbanization and industrialization trends and limited groundwater resources
are likely to lead to water scarcity in the KSA in the near future. As per recent legislation, municipalities
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in the KSA are required to improve their water conservation practices and reduce the cost of disposing
backwash water by reducing its production. Thus, recycling the filter backwash water is of great
interest, and instead of being disposed, the generated backwash water can be recycled back to the
main plant by introducing a suitable treatment process.

Separation of solids and removal of inorganic metals such as Fe and Mn are required for reuse of
SFBW. Membrane filtration is one of the most viable methods in treating SFBW. In recent years, several
studies have been conducted on recycling the SFBW using potential methods such as ultra-filtration
(UF) or microfiltration (MF) [3-8]. However, membrane fouling is one of the impediments as it can
reduce the permeate flux and increase the frequency of membrane cleaning.

One of the key methods of reducing membrane fouling and improving the water quality is the
pretreatment of SBFW by the coagulation and flocculation process [9-13]. Pretreatment is performed
ahead of the membrane separation to enlarge the flocculants for fouling mitigation. Alum-based
coagulants such as aluminum sulfate (Al;(SO4)3) are generally used as cost-effective coagulants
in the coagulation and flocculation process. The consistency of the filtration flux largely depends
on the size and structure of the flocculants formation, which eventually dependson the operating
conditions such as pH and coagulant dosages [14-16]. For alum coagulation, size and structure of the
flocculants are induced by various hydrolyzing Al species [17]. The application of an alum coagulant
in a coagulation/microfiltration process has beeninvestigated in the recent past [18-20]. A previous
study suggested that pre-coagulation of SFBW enhances the quantity and quality of filtrate water
through enlarging submicron particles that eventually delay the clogging of membrane pores [20].
Therefore, pre-coagulation maybe one of the most suitable options for recycling theSFBW through
membrane filtration.

Due to high initial cost and energy requirements, the application of MF or UF in treating SFBW is
limited in most of the countries, including the KSA. Therefore, a low-cost and low-pressure ceramic
filter, as a membrane process, is feasible for treating SFBW in this region. In our previous study,
a low-cost and simple ceramic filter made with locally available cheap materials (clay soil and rice
bran) was developed for the treatment of groundwater [21]. Eventually, the ceramic filter was applied
to a membrane bioreactor (MBR) process for high-strength wastewater and greywater treatment [22,23].
This ceramic filter, with a pore size of 1-5 um, was foundto be successful in separating activated sludge
flocculants as a commercial polymeric membrane in wastewater treatment. Moreover, the low-pressure
filter can be attributed to its low power consumption and low fouling.

The aim of the current study is to investigate the feasibility of using a simple ceramic-filter
coupled with the coagulation and flocculation process to treat the SFBW and to produce high-quality
recyclable water.

2. Materials and Methods

2.1. Backwashed Water Samples

SFBW samples were taken from the sand filter backwashed water drain of the Bruidah water
treatment plant located in Buraidah city, KSA. Since turbidity as well as the compositions of Fe and Mn
of the SFBW fluctuated during backwashing, all samples were collected with a 20 L Jar immediately
after the start of sand filter backwash operation. Fresh backwash water samples were brought back to
the laboratory and immediately analyzed or used for experiments without any pre-treatment.

2.2. Low Cost Ceramic Filter

A cylindrical shaped ceramic filter was made using locally available clay soil and rice bran in
Bangladesh. The clay soil is also easily available in the KSA. However, saw dust can be used as a
replacement of rice bran in the KSA. The manufacturing process of the ceramic filter used in this
study was adapted from our previous study [21]. The clay soil sample was dried, ground with a
hammer, and sieved through a 0.5-mm sieve. The rice bran was dried and sieved through a 1 mm
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sieve. Sieved soil and rice bran were then mixed at a ratio of 80:20 (by weight) followed by making
dough by adding water. The dough was then casted in a cylindrical-shaped mold to make the filter.
The resulting ceramic filters were cylindrical in shape and hollow with one side open and had a height
of 10 cm and a thickness of 2 cm (Figure 1a). Finally, the filter was sun dried for 48-72 h followed by
firing in a muffle furnace in a small-scale pottery kiln at 900 °C for 4-5 h (Figure 1b). The pore size
of the filter was measured to be 1-5 um. The pore size of the filter was estimated by comparing the
particle size distribution of turbid water (water with clay mixture) before and after the filtration with
the ceramic filter. Manufacturing cost was estimated to be $0.2-0.3 US with an active filter area of
0.039 m? per filter [21].
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Figure 1. (a) Schematic presentation of ceramic filter; (b) Ceramic filter after burning.

2.3. Water Quality Analysis

Physical and chemical analysis of the water samples were conducted in the laboratory of Buraidah
water treatment plant. Electrical conductivity (EC) and pH were measured with the help of an HMP6
(HACH, Loveland, CO, USA), while turbidity was measured using the turbidity meter (2100Q, HACH,
Loveland, CO, USA). Total dissolved solids (TDS) were measured by an Ultra-meter II 6P (Myron L,
Carlsbad, CA, USA) by immersing the electrode in the sample. Alkalinity was measured using the
standard titrationmethod. Total Fe, total Mn, phosphate (POy), silica (5Si), fluoride (F), and sulfate
(5O4) were measured by Spectrophotometer (HACH DH-5000, HACH, Loveland, CO, USA) using
relevant reagents provided by HACH. Chloride (Cl) was measured by titration with potassium
chromate and silver nitrate solutions. All the standard reagent solutions were purchased from the
Fouz Chemical Company, Dammam, KSA. Total hardness, calcium (Ca), and magnesium (Mg) were
measured by retraction methods using HACH test kits. Suspended solids (SS) were measured as
perthe standard methods.

2.4. Alum as a Coagulant (Al)(SO4)3)

Powdered alum (Al(SO4)3-12H,0) was purchased from a local laboratory in the city of Buraidah,
KSA and used as the coagulant. Before each experiment, a fresh coagulant solution of 10 mg/mL
concentration was prepared by mixing 10 g of Alum powder in 1 L of distilled water.
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2.5. Coagulation and Flocculation Experiments

A standard jar test wascarried out at 20 °C to performcoagulation and flocculation experiments.
All the jar tests were conducted using a four stirrer A&F jar test apparatus(JM4, Nvatech International).
The jar test apparatus consists of four motors connected to four steel paddle stirrers with a speed
control unit; the speed of the motors is adjustable to 200 RPM. Plastic beakers with 1000 mL SFBW
were placed under the paddle stirrer and desired concentrations of alum solutions were then added to
the beakers. All the jar tests were conducted by first rapidly mixing (coagulation at 100 RPM) for 2 min,
slowly mixing (flocculation at 40 RPM) for 20 min, and then left to settle for 5 min. The procedure
was adapted from the previous study [24]. After allowing the coagulant to settle with contaminants
for 5 min, the suspension of the beaker was collected very carefully, and turbidity as well as Fe and
Mn contents were measured. A total of eight jar tests with different doses of alum (5-100 mg/L)
were carried out at neutral pH (7.2) to determine the optimum doses. Each jar test was carried out in
triplicate to confirm reproducibility of the results.

2.6. Filtration Experiments

A lab-scale continuous filtration system coupled withcoagulation and flocculation processes was
designed to investigate its potentiality to remove turbidity, Fe, and Mn. An optimal condition of the
filtration system was identified based on the operational flux and the removal efficiency. Figure 2
presents a schematic view of the experimental setup. The filtration experiments were carried out
in dead-end filtration mode. Two rectangular tanks made of a 12-mm thick thermoplastic glass
were used as the coagulant tank and the filtration tank for each experimental stage. The dimension
of each tank was 40 cm in length, 40 cm in width, and 60 cm in height. Inside the filtration tank,
the ceramic filter was placed on the wooden boards to ensure the effective use of the entire filter’s
surface area for filtration. The filter was connected to the final water tank through a pressure gauge and
a suction pump. An air diffuser was placed under the filter, and continuous air supply was provided
to defend the accumulation of the solid on the filter surface. Prior to each experiment, raw SFBW was
pre-coagulated using an optimum alum dose (20 mg/L) which was establishedthrough the coagulation
and flocculation tests. Pre-coagulation was performed simultaneously with the coagulation and
flocculation experiments, except for the 5 min settling step. The pre-coagulated SFBW was manually
transferred to the coagulation tank on a regular basis. The effluent of the coagulation tank was then
transferred to the filtration tank using the feed pump. The permeate effluent (final water) was obtained
by the suction pump through the filter.

Pressure Gauge

Backwash water [
(pre-coagulated by
Jar Test Apparatus)

Q Final water

Suction Pump

Coagulation Tank Feed Pump Filtration Tank

Figure 2. Schematic diagram of filtration experiments.

A total of four experimental runs were conducted with different fixed trans-membrane pressure
(TMP) values as presented in Table 1. All the filtration experiments were conducted at 20 °C
temperature. The permeate flux (L/m?/d) was determined by measuring the daily flow rate (L/d) and
dividing it by the total active surface area (m?) of the filter. Each experiment was operated continuously,
and the daily flow rate was estimatedevery day by measuring the amount of filtered water in one
minute by a stop watch and a measurement cylinder. Three water samples (raw SFBW, water from
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the coagulation tank, and permeate) were collected regularly to analyze turbidity as well as Fe and
Mn concentrations.

Table 1. The detailed specifications of the filtration experiments. TMP = trans-membrane pressure.

Experiment Alum Dose for
: 2 P
Experimental Run TMP (kPa) Flux (L/m*/d) Duration (Day) Pre-Coagulation (mg/L)
Run-1 0.6 450 1-6 20
Run-2 1.5 1050 7-14 20
Run-3 3 2000 15-19 20
Run-4 45 3000 20-26 20

2.7. Filter Fouling Mechanism

For porous membranes, most fouling mechanisms are related to the active pore of the membrane
and the processes by which a number of active pore reductions happen. Based on this, four basic
types of fouling mechanisms, i.e., complete pore blocking, intermediate pore blocking, standard pore
blocking, and cake-layer formation, can be identified (Figure 3). Complete pore blocking occurs when
the particles are larger than the membrane pore and are deposited on the membrane surface, which
blocks the entrance of the membrane pores completely with no overlapping particles. Intermediate
pore blocking occurs when the particle size is similar than the membrane pore size. The intermediate
blocking is less restrictive over complete blocking because it considers thatsome particles may settle
over others. That means that not every particle blocksapore. Standard blocking occurs inside the
membrane pores and is caused by the particles size being smaller than the membrane pore. Cake layer
forms on the membrane surface through accumulation of particles that are larger than the membrane
pore size. The cake layer grows with time and does not penetrate inside the pore.

TR
I T

Figure 3. Schematic representation of different pore fouling mechanisms considered by the Hermia’s

model: (a) complete pore blocking; (b) intermediate pore blocking; (c) standard pore blocking,
and (d) cake layer formation.

Based on constant pressure and dead-end filtration laws, empirical models (Equation (1)) were
developed by Hermia [25] to describe the four types of basic fouling phenomena [26,27].

d%t dr\"
o =k M)
av? av
where ¢ is filtration time, V is the permeate volume, k is constant, and 7 is a constant that depends on
the fouling mechanism.
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The linear expressions of Equation (1) are given in Table 2. In Table 2, the constants k., ki, ksp,
and k. are the system parameters relating to complete pore blocking, intermediate pore blocking,
standard pore blocking, and cake-layer formation model, respectively. A plot of In] vs. t,1/] vs. t,
1/]%% vs. t,and 1/]? vs. t gives a straight line with a slope of ky, ki, ksp, as well as k, and y-intercept
of Info, 1/Jo, 1/Jo°2, and 1/]? for complete pore blocking, intermediate pore blocking, standard pore
blocking, and cake-layer formation model, respectively. The appropriate applicability of these models
can be confirmed by comparing the values of the coefficient of correlation (R?) obtained from the linear
regression analysis as well as an error analysis between experimental and calculated flux data.

Table 2. Equations in Hermia’s model equations for four type of fouling mechanisms.

Fouling Mechanism Equations Constant
. B Basic equation: | = Jyexp(—kgpt)
Complete pore blocking (n = 2) Linear form: In | = In Jo + k.t kep
. . Basic equation: | = NI H—
Intermediate pore blocking (n =1) (1+KipAJot) kip = KipA

Linear form: % = ]lo + kjpt

Standard pore blocking (n = 1.5)

Basic equation: | = Jo

b
1+ 0.5Ks(AJo)'/?t)

kyp = 0.5K,, AL/2

‘ —_

Linear form:

~|

7172 :](%T""ksbt

Jo ;
(1+2Ka(Ao)*t)
Linear form: ]lz = % + kgt

Basic equation: | =

Cake layer formation (n = 0.5) k. = 2K 4 A?

3. Results and Discussions

3.1. SFBW Quality of the Buraidah Water Treatment Plant

Backwash water from the sand filter of the Buraidah water treatment plant was collected and
analyzed for physical and chemical quality. A total of 13 samples were collected at different times
and analyzed in the laboratory. Table 3 presents the minimum, maximum, and average value of
raw SFBW water quality. As presented in Table 3, the pH value was found to be neutral with an
average value of 7.2. Turbidity in the samples ranged between 1250 NTU and 304 NTU with an
average value of 516 NTU. The amount of TDS ranged from 763 to 797 mg/L, with an average of
773 mg/L. A relatively high value of hardness that ranged from 297 to 308 mg/L, with an average
of 303 mg/L, was measured. Consequently, as expected, the concentrations of Ca and Mg were
also high, with average values of 82 and 23 mg/L, respectively. Fe concentration ranged from 24 to
90 mg/L, with an average value of 60 mg/L. Manganese concentration ranged from 2.4-11 mg/L,
with an average of 5.5 mg/L. A high concentration of silica was also measured in backwash water
with an average value of 18 mg/L. Total suspended solids ranged from 145-190 mg/L, with an
average of 165 mg/L. The pH value was also acceptable, and no further treatment was required. Total
hardness was also found to be acceptable and within the limit of the World Health Organization
(WHO) guideline for drinking water [28]. Analysis of SFBW revealed that the average concentrations
of turbidity (516 NTU), Fe (60 mg/L), and Mn (5.5 mg/L) were significantly higher than the WHO
standard values [28]. Accordingly, this study focused on the removal of turbidity, Fe, and Mn from
SFBW to make it suitable for recycling purpose.
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Table 3. Sand filter backwash water (SFBW) quality of the Buraidah water treatment plant.

Parameter Unit Min (n = 13) Average (n =13) Max (n =13)
pH - 7.1 7.2 7.7
Turbidity NTU 304 516 1250
Total dissolved solids (TDS) mg/L 763 773 797
Conductivity us/cm 1533 1551 1598
Total Hardness mg/L 297 303 308
Calcium mg/L 80 83 85
Magnesium mg/L 22 23 24
Alkalinity mg/L 124 132 134
Manganese mg/L 2.4 55 11
(Fe) Iron mg/L 24 60 90
Fluorides mg/L 0.0 0.3 0.4
Chlorides mg/L 319 326 331
Sulfates mg/L 100 144 170
Silica mg/L 16 18 22
Total suspended solids (TSS) mg/L 145 165 190

3.2. Coagulation and Flocculation of SFBW by Alum

Turbidity, Fe, and Mn removal form SFBW at various dosages of alum are presented in Figure 4.
As illustrated in Figure 4, an average turbidity removal of around 14% (1250 NTU in raw water)
was achieved at a 5 mg/L dose of alum. The average removal percentage increased up to 70% with
increases in the alum dose up to 20 mg/L. No further increase in removal efficiency was observed at
the alum dosesof 30, 40, 50, and 100 mg/L. Similarly, an average Fe removal of 13.2% (102.5 mg/L in
raw water) was achieved at a 5 mg/L alum dose. The removal efficiency increased with the increase
in the alum dose up t020 mg/L. The removal efficiency increased to 29% at a 10 mg/L alum dose,
further increased to 56.7% at a 15 mg/L alum dose, and reached its maximum (70%) at a 20 mg/L
alum dose. The average removal efficiency remained steady with further increases in alum doses of
30, 40, 50, and 100 mg/L. Average Mn removal of 39.9% (12.7 mg/L in raw water) was obtained at a
5 mg/L alum dose. The removal efficiency increased with the increase in alum doses up to 20 mg/L.
The removal efficiency increased to 46.8% at a 10 mg/L alum dose, further increased to 68.4% at a
15 mg/L alum dose, and reached its maximum (74.9%) at a 20 mg/L alum dose. The average removal
efficiency was almost steady for further increases of the alum dose to 30, 40, 50, and 100 mg/L.

—8—% Trubidity removal  —#—% Fe removal —&— % Mn removal

100
90
80
70
60
50
40
30
20
10

0

% removal

5 10 15 20 30 40 50 100
Alum Dose (mg/L)

Figure 4. Variation of percent removal of turbidity, total Fe, and total Mn with alum doses. Raw water:
turbidity = 1250 NTU, total Fe = 102 mg/L, and total Mn = 12.7 mg/L. Error bar shows the standard
deviation of triplicate experiments.
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From the results of coagulation and flocculation experiments, it was primarily observed that
20 mg/L or higher doses of alum are necessary for achieving the maximum removal of turbidity, Fe,
and Mn from SFBW. t-test was conducted using the analytical tools in Microsoft Excel to establish
the difference between the removal at a 20 mg/L alum dose and removals at the other alumdoses.
The difference is considered to be statistically significant when the p-value is <0.05. When the p value
is >0.05, the difference of removal is not considered to be significant. For turbidity removal, p-values
of 0.00004, 0.0006, 0.018, and 0.04 correspond to 5, 10, 15, and 50 mg/L alum doses, respectively,
and indicate significant difference in turbidity removal atthe 20 mg/L dose and at the 5, 10, 15,
and 50 mg/L doses. High p-values of 0.72, 0.28, and 0.09 for 30, 40, and 100 mg/L, respectively,
indicateno significant removal at these doses.

For Fe removal, p-values of 0.001, 0.003, and 0.03 correspond to 5, 10, and 15 mg/L alum doses,
respectively, and indicate significant differences between Fe removal by 20 mg/L dose and those
by 5, 10, and 15 mg/L doses. For 30, 40, 50, and 100 mg/L doses, the p-values of 0.45, 0.19, 0.06,
and 0.36, respectively, show insignificant differences in removal efficiencies at these doses. For Mn
removal, the p-values of 0.0008 and 0.0146 correspond to 5 and 10 mg/L alum doses, respectively,
and indicate a significant difference in turbidity removal by the 20 mg/L dose and those by 5 and
10 mg/L doses. For 15, 30, 40, 50, and 100 mg/L doses, p-values were found to be 0.16, 0.63, 0.34, 0.20,
and 0.91, respectively, which indicates insignificant variations in removal efficiencies with increased
doses. Overall results suggest that significantly higher removals of turbidity, Fe, and Mn were achieved
primarily at a minimum of a 20 mg/L alum dose. Therefore, the 20 mg/L alum dose was found to be
optimum and recommended for further continuous experiments.

3.3. Lab Scale Filtration Experiments

3.3.1. FluxProfile with Different TMPs

The laboratory-scale continuous-ceramic filtration experiments coupled with coagulation (Run-1
to Run-4) were conducted continuously for 26 days by varying TMP (Table 1). SFBW was
pre-coagulated with a 20 mg/L alum doseona daily basis for each run. The variations of fluxes with
TMPs during Run-1 to Run-4 are presented in Figure 5a. Prior to each run, the filter was cleaned with a
soft brush and washed with tap water to remove fouled materials accumulated on the filter. Therefore,
initial conditions for all runs are considered to be the same. Run-1 was carried out continuously for
7 days with a fixed pressure of 0.6 kPa. Corresponding flux at this pressure was measured around
450 L/m?/d. It was observed that the flux remained almost constant as the days progressed until
day 7. After 7 days, the TMP (Run-2) was increased to 1.5 kPa and the experiment was carried out
continuously until day 14 (8 days). The initial flux at this pressure was measured to be approximately
1000 L./m?/d and remained constant until day 14. In Run-3, the TMP was further increased to 3.0 kPa
and operated continuously for 5 days (days 15-19). The initial flux at this pressure was measured
around 2000 L/m?/d, which remained constant until day 19. The TMP in Run-4 was further increased
to 4.5 kPa, and filtration was carried out continuously for 7 days (days 20-26). The initial flux at this
pressure was measured to be approximately 3000 L/m?/d at day 20 and slightly increased to 3280 and
3200 L/m?/d on days 22 and 23, respectively. On day 24, the flux rapidly decreased to 2400 L/m?/d
and then continuouslydecreased as the day progressed. The flux was reduced to 1100 L/m?/d on
day 27, thus indicating fouling of the filter that needed to be backwashed or cleaned at this stage.
The fouling mechanism of the ceramic filter at a TMP of 4.5 kPa was further analyzed using a different
pore blocking model in Section 3.3.4.
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Figure 5. Continuous filtration experiments of 4 runs at different TMP: (a) variation of flux with TMP;

(b) Turbidity in feed water and in thepermeate; (c) Fe in feed water and in the permeate, and (d) Mn in

feed water and in the permeate.
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3.3.2. Removal of Turbidity, Fe, and Mn

Removal performance of turbidity, Fe, and Mn of Run-1 through Run-4 are presented in
Figure 5b—d respectively. In Run-1, feed water turbidity, Fe, and Mn were measured as 319-1160 NTU,
45-89.5 mg/L, and 5.15-17 mg/L, respectively. The concentrations in permeate were reduced to
<5 NTU (except day 1), <0.3 mg/L (except day 2 and 3), and <0.1 mg/L (except day 2), respectively,
which were approximately 99.4% of the average removal from the raw SFBW. In Run-2, feed water
turbidity, Fe, and Mn were measured as 319-770 NTU, 14-78.5 mg/L, and 2.4-10.15 mg/L, respectively.
After filtration, concentrations of turbidity, Fe, and Mn were reduced to <2 NTU, <0.1 mg/L,
and <0.05 mg/L, respectively, which was equivalent to an average of 99% removal from the raw
SFBW. In Run-3, feed water turbidity, Fe, and Mn were measured as 350-610 NTU, 22-55 mg/L,
and 3.2-6.1 mg/L, respectively. The concentrations were reduced to <0.5 NTU, <0.05 mg/L,
and <0.05 mg/L, respectively, at the permeate water, which was approximately 99.97% of the
average removal from the raw SFBW. In Run-4, feed water turbidity, Fe, and Mn were measured
as 365-915 NTU, 32.5-91 mg/L, and 3.6-19.6 mg/L, respectively. The concentrations were reduced to
<1 NTU, <0.03 mg/L, and <0.05 mg/L, respectively, at the final water, which was approximately 99%
of the average removal from the raw SFBW. Results demonstrated that the concentrations of turbidity,
Fe, and Mn in the final water (permeate) of all runs were acceptable and less than the WHO standard
guideline [28]. Thus, the low cost ceramic filtration coupled with a coagulation process is proved to be
a highly efficient method for the treatment of SFBW.

3.3.3. OptimumFiltration Conditions

Based on the significant influence of TMP, it is important to operate the submerged filter at
an optimum pressure to minimize membrane fouling. In addition, optimum removal efficiency
of contaminants at the optimum pressure is another key factor to be considered in the design of
the filtration system. In the present study, concentrations of turbidity, Fe, and Mn in permeates
after filtration for all runs were below the standard limit of the WHO guideline fordrinking
water, indicating that the permeate quality was not affected by the operating TMP. Therefore,
the optimum operating condition would be calculated based on the flux decline at different TMP
values. The following equation (Equation (2)) can be used to describe the relation between the flux and

TMP in membrane filtration: AP

]J(Rm + Rf)

where ] is the permeate flux, AP is TMP, u is viscosity, R, is intrinsic membrane resistance, and Rf is
resistance due to the fouling effect.

In this research, the intrinsic membrane resistance and theviscosity of SFBW are assumed to be
constant. Since the AP and the Ry are the only variables in the filtration, there will be no decrease in the
flux with time if there is no or negligible membrane fouling. Conversely, the decrease in flux implies
that the cake layer or pore blocking by deposited particles caused significant resistance to permeate
flow (the fouling effect). Therefore, the experimental results of the current study suggest that ceramic
filtration can be operated at the optimum pressure of 3.0 kPa (corresponding to a flux of 2000 L/m?/d)
with modest fouling effect.

J= ()

3.3.4. Analysis of Fouling Mechanism of Ceramic Filter

Despite the negligible fouling of the ceramic filter that occurred at low TMPs (0.61—3.0 kPa),
decline in the flux at a higher TMP (4.5 kPa) confirmed the fouling of the filter. In the present study,
Hermia’s models [25] were used to interpret the fouling phenomenon that occurs in the continuous
filtration experiments in Run-4. Fitting the models with the experimental data indicates whether
cake-layer formation (or pore blocking) controlled the flux decline or filter clogging in the filtration
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system. Figure 6a-d illustrate the different models’ fitting of the experimental data obtained from the
continuous filtration in Run-4.
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Figure 6. Linear plot of flux vs. time for different pore blocking models at 4.5 kPa: (a) complete pore
blocking model (In(]) vs. t) ; (b) intermediate pore blocking model (1/] vs. t); (c) standard pore blocking
model (1/]%% vs. £), and (d) cake layer formation model (1/ J2 vs. t) as given in.

The parameters of the linear regression analysis of each model are given in Table 4. From the
table, it was observed that the intercept (1/], 0?) for the cake-layer model gives a negative value of the
initial flux. Therefore, this model is not appropriate and cannot be applied for the interpretation of the
flux decline mechanism and should be ignored for the further analysis of flux declination.

Table 4. Hermia’s model parameters obtained from the linear regression analysis for the ceramic filter.

Complete Pore Blocking Intermediate Pore Blocking  Standard Pore Blocking Cake Layer Formation

ke —1.7 x 1071 kip 9.0 x 10°5 Ky, 2.0x 1073 K, 1.0 x 1077
R? 0.86 R2 0.81 R2 0.84 R? 0.73

In (Jo) 8.4 1/]o 13 x 107 1/]4%° 1.4 x 1072 1/]02 -13x 1077
To 4413 Jo 7768 Jo 5201 Jo -

Based on the linear plots of other pore-blocking models and the correlation coefficients R?> shown
in Figure 6a—c, it can be observed that the complete pore-blocking model (Figure 6a and Table 4) has
the best linear fitting with the highest R? value of 0.86. It can also be observed from Table 4 that the R
values of the intermediate and standard pore-blocking models are also reasonable, i.e., 0.81 and 0.84,
respectively. However, analysis of the percentage error of the experimental flux and the calculated
flux shows that the complete pore-blocking model gives the lowest error (5-25%) compared to the
other two models (7-60%). Therefore, the complete pore-blocking model most appropriately describes
the mechanism of flux decline in the present study. Huang et al. [16] studied various resistances to
filtration in a coagulation/filtration process. They observed that cake resistance (due to filtration
cake formation) plays an important role in membrane filtration if coupled with coagulation, and pore
blocking is negligible as the majority of particles are larger than a nominal size of membrane. However,
in this study, a continuous air flow was provided on the surface of the filter, which would prevent the



Water 2018, 10, 150 12 0f 15

formation of any cake layer on the surface of the filter. Therefore, the fouling mechanism in the current
study differed from the previous study.

3.3.5. Filter Cleaning

A simple washing technique using a soft brush was applied to the ceramic filter clogged in Run-4.
The filter was gently brushed with the soft nylon brush then rinsed with tap water. The filtration flux
was measured at the same pressure as that in Run-4 (4.5 kPa) using pure water after washing the filter.
The recovery of the filtration flux is presented in Figure 7. More than 85% flux recovery was achieved
without the conventional chemical cleaning procedure. Thus, the low-cost ceramic filter used in the
current study would reduce the backwash operational cost of the filtration system.

3500 +
3000 -
2500 -
2000 -

1500 -

Flux (L/m?/d)

1000 -

500 -

Before Run-4 After Run-4 After cleaning by soft
brush

Figure 7. Recovery of pure water filtration flux by simple washing using soft brush in Run-4 at 4.5 kPa.

3.3.6. Filtered Water Characteristics and Recycle Options of SFBW

The quality of the water obtained from the filtration system under the established optimal
condition is presented in Table 5. Turbidity, Fe, and Mn removal were highly effective at the optimal
flux conditions. The ceramic filter removed almost 99.9% of the turbidity, Fe, and Mn from the raw
SFBW. The total suspended solid (TSS) was reduced to 0 mg/L from 1650 mg/L. The pH value of the
filtered water did not change and was the same as that of the raw SFBW (7.2). The TDS concentration
was 783 mg/L and not removed by the ceramic filter (raw water TDS = 773 mg/L). Hardness, calcium,
magnesium, alkalinity, chloride, and silica were also not removed by the ceramic filter. Concentrations
of calcium (99 mg/L) and chloride (335 mg/L) in final water were found to be higher than the WHO
standard limit. Fluoride was effectively reduced from 0.3 mg/L to 0.03 mg/L (i.e., 90% removal).

Table 5. Comparison of filtered water characteristics with World Health Organization (WHO) standard
limit for drinking.

Permeate (after ~WHO Standard Limit  Satisfy the WHO

Parameter Unit Ll Filtration) for Drinking Water Standard?
pH 7.2 7.2 6.5-8.5 Yes
Turbidity NTU 516 0.4 0.1-5 Yes
TDS mg/L 773 783 600-1000 Yes
Conductivity us/cm 1551 1567 2000 Yes
Hardness mg/L 303 312 500 Yes
Calcium mg/L 83 99 40-80 Yes
Magnesium mg/L 23 15 20-30 Yes

Alkalinity mg/L 132 138 600 Yes
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Table 5. Cont.

Permeate (after ~WHO Standard Limit  Satisfy the WHO

Parameter Unit Raw SFBW Filtration) for Drinking Water Standard?
Manganese mg/L 55 0.02 0.1 Yes
(Fe) Iron mg/L 60 0.01 0.3 Yes
Fluorides mg/L 0.3 0.03 15 Yes
Chlorides mg/L 326 335 200 Yes
Sulfates mg/L 144 94 150-400 Yes
Silica mg/L 18 16 - Yes
TSS mg/L 165 0 0 Yes
Total Coliform MPN/ml nm nm 0 No
Fecal Coliform MPN/ml nm nm 0 No
E-coli MPN/ml nm nm 0 No

nm = Not measured.

In the present study, the analysis of microbiological parameters (coli-forms and E. coli) was
not performed as the previous study showed that the ceramic filter of this study is comparatively
weak in terms of removal of coli forms and E. coli [21]. Therefore, after a disinfection process, it is
recommended that the SFBW treated by low a cost ceramic filter be recycled back to the water treatment
plant. The treated SFBW can also be sent to the reverse osmosis (RO) process for further advanced
treatment to reduce the TDS and hardness (Calcium and Magnesium).

4. Conclusions

Very high and unappreciable values of turbidity (516 NTU), Fe (62 mg/L), and Mn (5.5 mg/L)
were found in the SFBW at a groundwater treatment plant in Buraydah, Qassim, KSA. A low cost
ceramic filter is evaluated for its suitability to treat the SFBW to make it suitable for recycling.

In the coagulation and flocculation tests, average percentages (%) of turbidity, Fe, and Mn removals
increased with increasing alum dose from 5 up to 20 mg/L. Further increases in the alum dose to 30,
40, 50, and 100 mg/L did not significantly affect the removal efficiency (p < 0.05). Therefore, a 20 mg/L
alum dose has been found as the optimum dose. In the filtration experiments, flux declination was not
observed at a TMP between 0.6 to 3.0 kPa until 19 days of continuous filtration.

Average concentrations of turbidity, Fe, and Mn at the filter permeate were measured to be
<0.5NTU, <0.05 mg/L, and <0.05 mg/L, respectively, which are approximately 99% of the average
removal from the raw SFBW. At 4.5 kPa TMP, the flux was decreasedfrom 3000 to 1100 L/m?2/d
on day-27, thus indicating fouling of the filter. Based on linear plots for four different fouling
models, it was observed that the complete pore-blocking model gave the best linear fitting with
the highest R? value of 0.86. Therefore, complete pore blocking occurred at 4.5 kPa and the flux
consequently declined. The optimum operating pressure and permeate flux were found to be 3 kPa
and 2000 L/m?/d, respectively.

It is recommended that SFBW treated by low a cost ceramic filter be recycled back to the water
treatment plant after a disinfection process. The low-cost ceramic filter coupled with the coagulation
and flocculation process is likely to have low-cost, low-energy consumption, and be a highly efficient
option for recycling SFBW. The analysis of performance indicates that a low-cost ceramic filter could be
employed successfully in large-scale applications. However, further studies are needed to determine
the role of long-term pilot scale operation on the properties and performance of this filter.
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