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Progressive freeze concentration method using stainless steel coil crystallizer was performed to concentrate
and purify water from lake in Universiti Teknologi Malaysia, UTM. The study focused on the effect of operation
time in range of 5 to 25 min and coolant temperature in range of -5 to -17 °C with constant pump rotation (450
rpm), initial biological oxygen demand (16.83 mg/L), total suspended solid (566 mg/mL) and turbidity (300 NTU).
In water treatment using this progressive freeze concentration setup, a layer of pure ice crystal is produced on
the inner wall of the crystallizer, leaving behind concentrated mother liquor. In order to determine the efficiency
of the process, values of parameters such as biological oxygen demand (BODs), total suspended solids (TSS)
and water turbidity were measured. High system efficiency was observed at coolant temperature of -11 °C and
operation time of 10 min giving BOD: 2.23 and 2.47 mg/L TSS: 28 and 36 mg/L and turbidity 1.22 and 1.25 NTU,
respectively. The current technology of crystallizer design was found to be relevant to reduce BODs, TSS and
turbidity of water lake.

1. Introduction

Planet earth is also called ‘the water planet’ because it has full approximately 14,108 km? of water. However,
97.5 % of the water exists in the seas, meanwhile the remaining water is the water in lakes (0.007 %) and in
river (0.002 %) (Ministry of the Environment, 2016). Lakes and river are the best ‘available’ freshwater sources
on Earth and it is valued as water sources for fishing, water transport, recreation, tourism and also for drinking
purpose (after water treatment). Fresh lake water is one of the most vital resources used by homes, industries
and businesses. Lake water mostly contains a lot of unwanted substance which come from a various kinds of
pollutants cause by human activities, nature (Mohd Yusof, 1996), development activities and geological
conditions (Mohd Ekhwan and Large, 2004). Based on Interim National Water Quality Standard (INWQS) at
several lake in Malaysia, there are reported the range of Water Quality Index (WQI) for Biological oxygen
demand (BOD5) are 342.9 mg/L to 179.4 mg/L (Adeleke Abdul Rahman et al.,2014) , Total suspended solids
(TSS) are 179.4 to 5.9 mg/L and turbidity are 54.56 to 12.41 NTU (Rahaman et al.,2016) compared with the
standard of INWQS for BOD5 (1 mg/L, class I; 3 mg/L, class Il; 6 mg/L, class lll; 12 mg/L, class IV; >12 mg/L,
class V), TSS (25 mg/L, class I; 50 mg/L, class IIA; 150 mg/L, class lll; 300 mg/L, class IV; <300 mg/L, class V)
and turbidity (5 NTU, class I; 50 NTU, class IlA; 150 NTU, class lll; 300 NTU, class IV; <300 NTU, class V)
(National Water Quality Standard, 2016). The standardization measurement from INWQS is an important and
most helpful in assessing and monitoring surface water (Yisa and Jimoh, 2010).

Despite not having any serious insufficient drinking water issue, provision of alternative supply for drinking water
would serve as a valuable facility for UTM students. In UTM, there is a huge lake for recreation and landscape
purpose and it could play a role as an alternative source of providing daily drinking water. The lake water needs
to be purified for drinking purpose. There are a few methods for water purification process, namely evaporation,
reverse osmosis and freeze concentration. Evaporation is the simplest and the pioneering method of removing
solvent through the vaporization of the liquid. A portion of liquid molecules possess sufficient energy to break
the molecular bonds and vaporize into gas phase. Although external energy is not required throughout the whole
process, it is still not likely a good way for water purification since it takes long time for the process to complete.
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For boiling, the process is much faster than surface evaporation. Nevertheless, this method is not favorable for
water purification process as it requires a lot of heat energy to vaporize the liquid which is known as heat of
vaporization (Miyawaki et al., 2012). From some research analysis, it has been known that both boiling and
surface evaporation have low yield if compared to other methods as some of the solutes are entrapped in vapor
while vaporization process occurs. The leftover solution will be less concentrated while the vapor will be highly
impure.

Reverse osmosis hence replaced evaporation with a higher yield and the least amount of energy as no phase
change occurs. Reverse osmosis is a process where a semi-permeable membrane is needed to separate
solvent from solution by the help of concentration gradient. The purity of solvent removed is very high but the
cost of replacing the membrane is also high (Rodriguez et al., 2000). Freeze concentration method are chosen
as an advanced technology which is suitable to separate many types of solvent from solution, besides it is
capable of enhancing concentration of a solution. This method has potential to treat the water which is believed
to have a lower capital cost (Jusoh et al., 2008) and maintenance fees compared to reverse osmosis and uses
less energy compared to evaporation (Ab Hamid et al., 2015).

Freeze concentration also removes the water component out of the solution without any heating process
compared with using evaporation and it is suitable for separation of some heat-sensitive products and more
important this technology not used of any fuel that can be contribute to the low carbon issues. The process are
simplicity due to the nature of the water which traps very less amount of impurities and can be considered as
one of the best methods among all. The freeze concentration can be divided into two different types, namely
progressive freeze concentration and suspension freeze concentration. Progressive freeze concentration is a
method of separating solvent and solution into a single ice layer on the wall where coolant is applied, whereas
suspension freeze concentration is a process in which lots of small ice crystals are formed as a suspension in
the mother liquor. Progressive freeze concentration (PFC) was used in the study due to its simpler nature which
makes it easier to be operated. There are a few factors which affect the efficiency of the system such as pump
rotational speed, operation time, coolant temperature etc. In this study, the effects of coolant temperature and
operation time towards progressive freeze concentration were investigated due to the most effected in PFC
study (Shafira et al., 2016).

2. Materials and Methods

Lake water from Tasik lImu in Universiti Teknologi Malaysia, Johor was used as a raw material for this
experiment. The water samples were collected from about 10 cm below the water surface at the same location
of lake (Sujaul Islam et al., 2012) to ensure that all the water samples were in the same condition to provide
more accurate result. The water sample from the lake was then preserved in sampling bottles and stored in the
freezer at temperature of 2 °C before started the process. The initial BODs (16.83 mg/L), TSS (556 mg/L) and
turbidity (300 NTU) were determined using BODII Trak for BODs (APHA,1992), filtering apparatus with suction
tube for TSS (Gupta et al., 2009) and nephelometer for turbidity (Amrita, 2011). Stainless steel coil crystallizer
with hollow structure was used, which could provide higher productivity and efficiency for progressive freeze
concentration process through its higher surface area. The advantages of coil crystallizer in PFC process is its
high productivity and the capability of increasing productivity (Jusoh et al., 2008) by adding more cycles to the
whole process or increasing the coil diameter (Ab Hamid et al., 2015).

The coil crystallizer consists of three cycles which are attached by five flanges at the edge of the coil. With the
flanges, the formation of ice can be easily observed at each point. The coil crystallizer can be split into two for
ice removal process. In order to monitor the temperature profile of the entire process, eight thermocouples were
installed on every point on each cycle of the crystallizer recorded by Picolog recorder. In this study, the source
of energy which provides cooling effect came from ethylene glycol, which was the coolant. The coolant in the
water bath was cooled to a desired temperature in the range of -5 °C to -17 °C. Data from Picolog recorder
software was monitored constantly to ensure the temperature was maintained at the desired value. From the
feeding tank, the lake water solution was fed while 2 min of time delay was required for the solution to fill up the
whole crystallizer and pipelines, with volume approximately 1 L per cycle. Pump was operated at the set
circulation flow rate. Force was supplied by peristaltic pump to circulate the solution within the whole system.
Pure water was also injected into the system in order to form seed ice lining on the cooling surface. It is important
to prevent initial super cooling from happening which can cause high impurities in initial ice crystal formed due
to contamination (Gunathilake et al., 2014). As the process proceeded, ice layer formed at the wall of crystallizer.
The pressure inside the crystallizer increased and affected the whole process. A relief valve was installed at the
crystallizer outlet to prevent overflow of the sample solution due to sudden increase in pressure in the
crystallizer.

The concentrate collection, 5 min was set as the time delay. The outlet pipe of the crystallizer was facing upward,
thus making the pumping force insufficient for peristaltic pump to pump the entire solution out of the crystallizer.
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A small path was added at the lowest point of the crystallizer to aid the process of concentrate collection. Since
the concentrate was still in the freezing temperature, a heater tape was wrapped around the path to ensure no
occurrence of freezing process during concentrate collection. After all the concentrate had been completely
removed, the coolant temperature was increased for the ice thawing process to occur. Time taken for ice thawing
process was set to 60 minutes approximately while time delay was set to 5 minutes for the thawed ice collection
process. After that, BODs, TSS and turbidity of thawed ice sample was analyzed by respective equipment using
BODII Trak, filter apparatus with suction tube and nephelometer. The experiment was repeated by manipulating
circulation time (5 min to 25 min) while fixing the coolant temperature at -17 °C in order to study the effect of
circulation time. Meanwhile, for study the effect of coolant temperature, the experiment was varied in different
coolant temperature in the range -5 °C to -17 °C and constant the circulation time at 15 min. Other operating
conditions such as pump rotation speed was also kept constant which was 450 rpm. All the data collected at
the end of experiment were recorded. Figure 1 shows the experimental setup of this study.
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Figure 1: Schematic diagram of the complete PFC coil crystallizer system

3. Results and Discussions
3.1 Products Experiment

The comparison of the feed, concentrate and also product is shown in Figure 2 (a). From left hand side to the
right, the sequence of the bottle samples are feed, concentrate and product. Originally the feed which was the
lake water contained some suspended solids that make it greenish and muddy. The concentrate which acts as
an unwanted waste of the process contained more suspended solids. The product is the thawed ice which is
clean and without much suspended solids. During the process, the pure water formed as ice crystal layer on the
inner wall of the crystallizer, while the foreign particles were repelled from the ice crystal layer. Figure 2 (b)
indicates the complete formation of ice crystal during the PFC process.

1 (a)

concentrate product

Figure 2: (a) Comparison between feed, concentrate and product (b) Ice crystal layer formed in coil crystallizer
during PFC

3.2 Effect of Coolant Temperature

Based on the melting profile of pure water and lake water, the studied range of coolant temperature chosen was
from -5 °C to -17 °C. As there were impurities in the water, the freezing point decreased below the freezing point
of pure water (0 °C) because lake water which was impure has lower melting point. At temperature of 0 °C, pure
water will freeze first leaving behind the lake water which has lower freezing point. The other operating
parameters were kept constant while the coolant temperature was varied. Pump rotating speed was kept at 450
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rpm while the circulation time was fixed at 15 min. After the products of ice crystal were obtained, all of them
were analyzed for BOD, TSS and turbidity. The results are illustrated in Figure 3 (a), (b) and Figure 4 for all
parameters. From the results obtained, coolant temperature of -11 °C is considered as the most optimum
condition as it gave the lowest value of BODs, TSS and turbidity. The values of these parameters experienced
a drastic decrease from -5 °C to -11°C, indicating that the lower the coolant temperature, the higher the system
efficiency in this range of coolant temperature. Nevertheless, when the coolant temperature decreased further
from -11°C to -17 °C, the trend changed and the value of parameters started to increase gradually. This means
that the system performance will start to drop if the coolant temperature goes too low. After coolant temperature
of -11°C, there is a chance of the solutes in lake water originally will be trapped within the ice formed. This
results in higher impurities in the thawed ice and thus lower system efficiency.

The difference in coolant temperature dictates the thickness of the ice formed as well. As the coolant
temperature goes lower, the thickness of the ice formed goes higher. However, thicker ice layer formed does
not ensure better quality of product. This is because the ice growth rate is influenced by the coolant temperature,
whereby the ice crystal growth rate needs to be low to produce high purity of ice (Miyawaki et al., 2016). In slow
freezing, most of the impurities were repelled out of the ice crystal thus producing high purity ice. When the ice
crystal growth rate is too high, the solutes are more prone to entrapment in ice crystal layer. This phenomenon
is due to fact that the solutes in the lake water moving towards the ice crystal layer which occurred at a faster
rate than the outward movement of solutes from the ice crystal layer formed as a result of the high ice crystal
growth rate.
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Figure 3: (a) Effect of coolant temperature on BODs (b) Effect of Coolant Temperature on TSS
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Figure 4: Effect of Coolant Temperature on Turbidity

This resulted in solid inclusion in the ice crystal layer. The BODs, TSS and turbidity of thawed ice would increase
as a result of higher impurities entraped within the ice crystal due to the reason mentioned earlier.
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3.3 Effect of Operation Time

The results of the experiment are illustrated as in Figure 5 (a), (b) and Figure 6 for all parameters. From 5 min
to 10 min, the values of the parameters decreased which is highly desired. However, as the circulation time
increased further from 10 min to 25 min, what can be observed was a drastic increase in the values of the
parameters. It can be concluded that the optimum circulation time for the progressive freeze concentration is 10
minutes. As the circulation time became much higher than 10 min, it started to produce ice crystal with high
impurities. As the solution was circulated for more than 10 min, the ice formed became eventually thicker which
filled up almost the entire crystallizer. This resulted in narrow space for the unwanted concentrate to circulate
smoothly around the crystallizer. When the ice crystal layer became very thick while the concentrate become
stagnant, the contaminants were easily trapped in the ice crystal layer formed (Luo et al., 2010).
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Figure 6: Effect of Circulation Time on Turbidity

It is also noted that 5 min of circulation time did not give good result as well compared to 10 min of circulation
time. This is because during that time the ice crystal layer was not completely formed, which was still thin and
not smooth. The dendritic structure of it will trap the solutes from lake water in the growing ice crystal layer.
From the analysis of three different parameters, it is shown that a circulation time of 10 minwould be the most
optimum condition to produce ice crystal of the lowest BODs, TSS and turbidity.

4. Conclusion

Progressive freeze concentration has a splendid potential on water purification and known as one of the most
effective separation process to concentrate a solution by using the natural properties of ice crystal lattice. In this
case, the most optimum condition for progressive freeze concentration to work is at coolant temperature of -
11°C and circulation time of 10 min as it gave the lowest value of biological oxygen demand (BODs), total
suspended solids (TSS) and turbidity in the ice layer produced which was reduced from 16.83 mg/L to 2.23
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mg/L and 2.47 mg/L for BODs, 566 mg/L to 28 mg/L and 36 mg/L for TSS and while for turbidity from 300 NTU
to 1.22 NTU and 1.25 NTU. Low value of all the parameters indicate that the solutes within the thawed ice were
in the least amount for microorganism to survive, thus the purest. If compared with other methods such as
reverse osmosis and evaporation, progressive freeze concentration has lower capital and maintenance cost.
Besides, low temperature operation causes corrosion to be insignificant during the process making it more
favorable. It is also give an enough evident for the result collected that is qualified in reducing of BODs, TSS
and turbidity in this technology.
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