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ABSTRACT

In Egypt, water treatment industry consumes about 365,000 tons of
aluminum sulfate as coagulant and produces more than 100 million tons of
semidried sludge per year. The common disposal system of alum sludge in
Egypt is to discharge it into natural water bodies. Toxic nature of free and
complexed aluminum species to aquatic life, stringent environmental
regulations on disposal of sludge into water bodies and costs of the chemicals
used in water treatment process and sludge treatment led to evaluate
coagulant recovery and subsequent reuse. The present work aimed at
aluminum metal recovery from sludge obtained from EIl-Shiekh Zayd water
treatment plant by acidification method to produce aluminum sulfate
coagulant. Sludge from drying beds was characterized and sulfuric acid was
selected as the acidic leaching medium and effect of five variables were
tested: acid concentration (N), sludge weight (g), mixing speed (rpm),
temperature (°C) and leaching time (min) was studied. Moreover, the process
efficiency was evaluated at different operating conditions. Then optimum
conditions were applied to get maximum recovery for aluminum sulfate.
Maximum recovery is 94.2 % at acid concentration 1.5 N, sludge weight 5 g,
mixing speed 60 rpm, temperature 60 °C and leaching time 40 min.
Keywords: sludge, water treatment, aluminum sulfate, acidification,
Recovery, leaching, aluminum.
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INTRODUCTION

One of the most important problems of the 21% century is the availability
of clean drinking water, a resource important for our survival and
development. Most of the fresh water bodies all over the world are being
polluted due to unplanned urbanization, industrialization and anthropogenic
activities (Singh et al., 2002). Surface water sources served as the best sinks
for the discharge of domestic as well as industrial effluents. The unwise
disposal of waste has caused immense problems not only to human beings but
also to aquatic environment (Heberer, 2002).

Coagulation is the most common process used to remove suspended
particles, colloids, organics, color and microorganisms from the drinking
water supplies (Duan and Gregory, 2003 and Ghafari et al., 2009). Enormous
quantities of water treatment plant sludge (WTS) are produced when
coagulants are added to raw water. For example, water treatment plants
produce annually 18,000 tons as dry solids from Ireland, 34,000 tons as dry
solids from The Netherlands and 182,000 tons as dry solids from UK
(Babatunde and Zhao, 2007), and more than million tons of wet WTS is
produced by water works in Egypt. Globally, available literature estimates
that 10,000 tons of waterworks sludge is produced daily (Dharmappa et al.,
1997). Due to regulatory changes in the recent past, WTS now has to be
disposed into landfills or through land application in developed countries.
However, in developing countries, it is disposed into water bodies or sanitary
sewers (Nair and Ahammed, 2013). WTS was discharged into water bodies is
reported to be toxic to aquatic life (Muisa et al., 2011) Since the levels of
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pollutants in WTS are relatively low, as the best quality raw water sources are
generally selected for drinking water production (Ishikawa et al., 2007), the
reuse of WTS may be a feasible option. A number of research efforts have
been made particularly in recent years to use WTS in many beneficial ways.
Which include its uses in building and construction materials (Monteiro et al.,
2008 and Pan et al., 2004), in wastewater treatment (Babatunde and Zhao,
2010; Moghaddam et al., 2010 and Nair and Ahammed, 2013) and for soil
improvement (Hovsepyan and Bonzongo, 2009). Two different approaches
have been tried for the metal use of WTS in water and wastewater treatment.
In the first approach, coagulant is first recovered from WTS and is reused as a
coagulant for the treatment of water and wastewater. In the second approach,
wet/dry sludge itself is used as a coagulant or adsorbent for removal of
different contaminants. Recovery of coagulant metal from WTS is an
attractive option and has been reported by many researchers (Chen et al.,
2012; Ishikawa et al., 2007 and Xu et al., 2009). Generally, four ways of
coagulant recovery are employed for the WTS, which includes acidification,
basification, ion exchanging, and membrane processes (Xu et al., 2009). Most
of the studies reported recently used acidification for coagulant recovery due
to high efficiency and low cost compared to other methods (Chen, et al.,
2012; Huang, et al., 2010). Several factors are known to affect coagulant
metal recovery from WTS by acidification. These include pH of the solution,
mixing speed and intensity, mixing time, temperature and sludge content in
the mixture (Chen, et al., 2012; and Xu, et al., 2009). This work aims at
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producing aluminum sulfate from waterworks sludge using sulfuric acid

under Egyptian conditions.

EXPERIMENTAL
1- Materials:

Alum sludge was collected from EI-Shiekh Zayd water treatment plant at
Giza, Egypt, treating water from river Nile using alum as the coagulant. The
WTS samples were collected in polyethylene bags and were transported to the
drinking water reference laboratory of Holding Company for water and
wastewater, Cairo, Egypt. The sludge dried in a hot air oven at 105 °C for 24
h, and crushed using a mortar and pestle, and a quantity of 1000 grams
applied to 2 mm sieve and the fraction passing through was collected and
used in the performed tests. The same batch of sludge was mixed and used in
all the tests. Concentrations of relevant elements detected in the sludge are
presented in Table 1. Beryllium (Be), Silver (Ag), Cadmium (Cd) and
Molybdenum (Mo) were below the detectable limits. The WTS contains high
proportions of Al and Fe.The digested sludge solution was analyzed for
metals using inductively-coupled plasma atomic emission spectrometry (ICP-
Perkin-Elmer optima 8300 dv) using US EPA method no. 200.7 (Martin, et
al., 1992) and pH was measured using pH meter (Hach HQd Portable Meter)
2-WTS characterization:

In order to estimate the total metals in the WTS used, acid digestion
carried out using US EPA method number 3050B (US EPA, 1996). Total

volatile organic solids were measured by loss on ignition at 550 °C
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(Santisteban. et al., 2004). The water content of collected WTS is determined
through weighting 1 gm of it then drying at 105 °C for 2 hours and
reweighting it and calculating water content through the following equation
(eq.1):

sludge weight before drying—sludge weight after drying
Water content % fud ight before dryi ua Lght after dryi
0 =

x 100 (eq.1)

sludge weight before drying

3-Aluminum recovery

Aluminum recovery from the sludge was carried out using a jar test
apparatus (Velp Scientifica), and the five factors were tested during the
recovery process then the solution was filtered and filtrate was analyzed for
Al. All experiments were carried out in triplicates. The aluminum recovery

was calculated as follows (eq. 2):

Al in supernatant after acidification (mg Al/ g dry sludge) % 100 (eq 2)
Alinraw sludge after acid digestion (mg Al/ g dry sludge) !

Al recovery efficiency % =

Acidic leaching of Al (111) from the WTS sample was performed using
sulfuric acid solutions at various concentrations, speed intensities, WTS
weights, leaching times and temperatures. After leaching was complete, the
solution was left to settle for 10 minutes then filtered on filter paper with pore
size 0.45 um, and the filtrate was subjected to (ICP- Perkin-Elmer optima
8300 dv) using US EPA method no. 200.7 (Martin, et al., 1992) to determine
the AI(IIl) concentration. Each experiment was repeated two times and
represented with average values.

3-1-Effect of sulfuric acid concentrations (N) on Al (111) recovery:

The effect of sulfuric acid concentration (N) on Al (I1l) recovery was
studied using a set of samples that were prepared by adding 500 ml of 2.0,
1.5, 1.0, 0.5, and 0.1 N sulfuric acid to 5 g WTS samples. Leaching was
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performed at 25 "C with the mixing speed set to 80 rpm for 20 min leaching
time. Samples were collected for analysis to determine the amount of soluble
Al (111).
3-2-Effect of WTS weight on Al (111) recovery:

The effect of WTS weight on Al (I11) leaching rate was studied using a

set of samples that were prepared by adding 500 ml of 1.0 N sulfuric acid to
5, 10, 15, 20, 25 g grinded WTS. Leaching was performed at 25 ‘C with the
paddle speed set to 80 rpm applying 20 min leaching time. Samples were
collected for analysis to determine the amount of soluble Al (I11).

3-3 -Effect of Leaching time on Al (111) recovery:

Leaching involved adding 5 g WTS samples to 500 ml of 1.0 N sulfuric
acid solution. Experiments were performed at temperature of 25 -C with the
paddle speed maintained at 80 rpm and 10, 20, 30, 40, 50 min leaching
periods. Samples were filtered and collected to determine the amount of
soluble Al (111).

3-4-Effect of temperature on Al (111) recovery:

Leaching involved adding 5 g WTS samples to 500 ml of 1.0 N sulfuric
acid solution. Experiments were performed at temperatures of 25 °C, 40 °C,
and 60 °C with the stirring speed maintained at 80 rpm and 20 min leaching
time. Samples were filtered and collected to determine the amount of soluble
Al (111).
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3-5-Effect of mixing speed on Al (111) recovery:

Leaching involved adding 5 g WTS samples to 500 ml of 1.0 N sulfuric
acid solution. Experiments were performed at temperature of 25 -C with the
paddle speeds maintained at 20, 40, 60, 80 and 100 rpm and 20 min leaching
time. Samples were filtered and collected to determine the amount of soluble
Al (1),

3-6-Preparation of coagulant solution:

An alum solution is prepared through applying the optimum conditions
obtained above for maximum recovery which is 1.5 N, 5 g, 60 rpm, 40 min
and 60 °C for sulfuric acid concentration, WTS weight, paddle speed,
leaching time and temperature respectively and a maximum recovery were
reached by 94.2 %.

3RESULTS AND DISCUSSION
1-Sludge characteristics:

The average values of pH, water percentage and organic content of
collected WTS were 7.7, 86% and 25% respectively. Sludge characteristics
were studied to determine aluminum metal coagulant concentration leaching.
The major constituents of WTS were aluminum and iron which are almost the
same as the composition of commercial aluminum sulfate which indicates
that the main source of metals is commercial alum coagulant and no
significant increase in metals occur from raw water. This encourages the
recovery of aluminum metal coagulant from WTS without any accumulation

for metals in the treated water. Metal analysis data is presented in table 1. The
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water percent is 86%, the dry sludge organic content is 25% and the major
elements determined were aluminum 13.3%, iron 2.2% and manganese
0.18%. The difference in metal composition between sludge and commercial
alum is due to the dissolution of small portion of metals in treated water and
not settled with sludge.

Table 1: The WTS metals analysis (expressed by mg per gra Compared to

commercial coagulant

Metal Al Ba Co Cr Cu Fe

Sludge | 133.4 0.13 0.02 0.13 0.05 22.1

C.AS 160.7 0.15 0.02 0.17 0.06 27.8

Metal Li Mn Ni Pb Sr V Zn

Sludge 0.01 1.8 0.04 0.87 0.165 0.12 0.11

C.AS 0.02 2.31 0.04 1.06 0.22 0.16 0.13

C.A.S: Commercial Aluminum sulfate

2-Effect of different factors on the Al (111) recovery
2-1-Influence of sulfuric acid concentration on leaching process

The effect of sulfuric acid concentration on leaching efficiency of Al (I11)
is presented in Figure 1. The Al (1) leaching increases with sulfuric acid
concentration and it reaches 73.8% at (1.5 N) acid concentration and only
slight increase is obtained by increasing sulfuric acid concentration to (2.0 N).
Our results agree with (Chen et al., 2012) as they recorded that the AIl(III)
leaching ratio increases with sulfuric acid concentration. Also our findings
agree with (Xu et al., 2009) who reported Al (I11) leaching of 61 — 100% from
WTS using acidification for pH range 1 - 3, which may be due to that acid
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added has recovered the maximum possible aluminum from WTS under the
applied conditions according to the following equation:
2 Al (OH);3 (s) + 3 H2SO4 (aq) — Alx(SOy)s (ag) + 6 HLO AH <0 (eg. 3)

80.0%
75.0%
70.0%
65.0%
60.0%
55.0%
50.0% f

45.0% ! ! ! !
0 0.5 1 15 2 2.5

Alum Recovery %

Sulfuric acid concentration (N)

Figure 1: Effect of Sulfuric acid concentration on Alum Recovery percentage

2-2-lmpact of WTS weight on recovery of Al (111):

The recovery rates of coagulant metal from WTS at different weights
were measured and the results are presented in Figure 2. As shown that under
the mentioned conditions the best recovery was 61.3% at 5 g sludge weight,
which may be due to the more sludge applied more crowd is the solution,
which decrease reaction opportunity between sludge particles Al (OH); and
the acid. This result agrees with (Boaventura et al., 2000) who recorded the
increase in leaching rates for aluminum, iron and manganese by decreasing

sludge weight.
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Figure 2: Effect of WTS weight (g) on Alum Recovery percentage

2-4-Effect of temperature on leaching process
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Figure 3: Effect of Temperature (°C) on Alum Recovery percentage.

The extent of Al (I11) ions leaching in experimental work is presented in
Figure 3. At the applied conditions, the Al (I11) leaching rate increases with
temperature. Al (Ill) leaching efficiency increases recording maximum
recovery of 89.9 % at 60 °C, which declare that Al (Ill) leaching rate is
directly proportional to temperature; it may be due to increase in temperature
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elevate dissolution of aluminum in acid but not due to reaction
thermodynamics (reaction is exothermic). Our results agreed with (Cheng et
al., 2012) by applying different temperatures 10, 40 and 70 'C and at a

particular reaction time, the Al (Ill) leaching rate increases with
temperature. However, the reaction is exothermic more temperature push the
reaction forward that may be due to the solubility of aluminum hydroxide
increased by temperature. Our findings were compatible also with (Fan et al.,
2013) who proved that leaching rate of Ni and Co in sulfuric acid solution is
influenced much more by increasing temperature, the leaching rate of Ni and
Co was 96.68 wt% when temperature elevated to 85 °C.

2-5-Influence of mixing speed on leaching of Al (111)

90%
80%  —————
70%

60% /

50%
40%
30% ' ' ' ' '

0 20 40 60 80 100 120
Mixing speed RPM

Aluminum recovery %

Figure 4: Effect of Mixing speed (RPM) on Alum Recovery percentage

The effect of mixing speed on Al (l11) leaching efficiency is shown in
Figure 4. As presented, the leaching efficiency of Al (Ill) increases with

mixing speed below 60 rpm. However, mixing with higher speed than 60
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rpm, leaching efficiency does not show significant increase by increasing
paddle speed. This phenomenon reveals that when stirring speed reaches a
threshold, the thickness of the diffusion layer can no longer be effectively
reduced. Therefore, the film diffusion control, does not affect Al (IlI)
leaching rate (Cheng, et al, 2012). Our work agrees with (Cheng, et al, 2012)
who applied mixing speeds (20-120 rpm), the leaching ratio of Al (llI)
increases with the mixing speed below 80 rpm; beyond 80 rpm, the leaching
ratio does not increase with mixing speed. Also our results agree with
(Glrmen, 2005) who also studied the effect of stirring speed on leaching rate
of Co, Fe and Ni and reported the increase of metals dissolution in acidic
solutions by increasing mixing speeds.

2-6-Influence of leaching time on recovery of Al (111)

The effect of leaching time on the recovery rate is presented in Figure 5.
As it is shown in Figure 5, the maximum recovery was 84.7 %. When the
mixing time was 40 min, however increasing the leaching time, over 40 min
the recovery rate decreases slightly to 83.7% which may be due to the
reformation of aluminum hydroxide due to the saturation of the solution.
These results agree with (Cheng, et al., 2012) who found that Al (I11) leaching
increases with reaction time till 20 min but above 20 min, the leaching
reaction reaches a steady state that is not influenced by sulfuric acid
concentration. Our findings also agree with (Fan et al., 2013) who reported
that leaching rate of Ni and Co increase very quickly when leaching time

increased up to 5 hours, leaching rate of Ni and Co can
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achieve above 96%, and then although with the leaching time increasing, the

leaching rate increased but slowly.

86%
84% |
82%
80% |
78%
76%
74%
72% ! ! ! !

Alum Recovery %

leaching time (min)

Figure 5: Effect of leaching time on alum recovery percentage

1.1 Characteristics of prepared aluminum sulfate

From the past studies, a maximum recovery, can be achieved which was
94.2 % at acid concentration 1.5 N, sludge weight 5 g, mixing speed 60 rpm,
temperature 60 'C and leaching time 40 min. As shown in Table 2 the metals
content in the prepared aluminum sulfate (P.A.S) is comparable to the
commercial alum used in drinking water treatment, which refers to, there is
no risk from the accumulation of metals in the recovered alum. As shown in
Table 2 there is a slight increase in aluminum and iron and that may owed to;
acidification process cannot make 100 % recovery for aluminum and iron
found in sludge, and there is a small proportion of iron and aluminum
concentrations is found soluble in treated water. A comparison between
characteristics of the recovered and the commercial alum is done through
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analysis of metal content and shown in Table 2. Sludge volume after
acidification is reduced by 30% from the original volume.
Table 2: comparison between the metals analysis of prepared (P.A.S) and

commercial aluminum sulfate expressed by mg/I

Al Ba Co Cr Cu Fe Li

P.A.S 72.42 0.07 0.01 0.07 0.03 12.00 0.01

C.AS 80.32 0.08 0.01 0.08 0.03 13.31 0.01

Mn Ni Pb Sr V Zn

P.AS 0.98 0.02 0.47 0.09 0.07 0.06

C.AS 1.08 0.02 0.52 0.10 0.07 0.07

P.A.S: Prepared Aluminum sulfate
C.A.S: Commercial Aluminum sulfate

SUMMARY

Coagulant metal recovery from waterworks sludge for re-use, though not
a new concept remains a key option towards the reduction of chemical usage
in the water treatment industry. In this work, the aluminum recovery from El-
Shiekh Zayd treatment plant sludge using acidification was studied, and
optimum coagulant recovery was obtained at acid concentration 1.5 N, sludge
weight 5 g, mixing speed 60 rpm, temperature 60 °C and leaching time 40
min. The recovered aluminum could be reused for water and wastewater
treatment, because it shows no great difference from commercial coagulant.
Acidification also reduced sludge volume by 30 %, thus reducing sludge

handling cost.
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