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Abstract In the present study, feasibility of recovering the
coagulant from water treatment plant sludge with sulphuric
acid and reusing it in post-treatment of upflow anaerobic
sludge blanket (UASB) reactor effluent treating municipal
wastewater were studied. The optimum conditions for coagu-
lant recovery from water treatment plant sludge were investi-
gated using response surface methodology (RSM). Sludge
obtained from plants that use polyaluminium chloride
(PACI) and alum coagulant was utilised for the study. Effect
of three variables, pH, solid content and mixing time was
studied using a Box—Behnken statistical experimental design.
RSM model was developed based on the experimental alu-
minium recovery, and the response plots were developed.
Results of the study showed significant effects of all the three
variables and their interactions in the recovery process. The
optimum aluminium recovery of 73.26 and 62.73 % from
PACI sludge and alum sludge, respectively, was obtained at
pH of 2.0, solid content of 0.5 % and mixing time of 30 min.
The recovered coagulant solution had elevated concentrations
of certain metals and chemical oxygen demand (COD) which
raised concern about its reuse potential in water treatment.
Hence, the coagulant recovered from PACI sludge was reused
as coagulant for post-treatment of UASB reactor effluent
treating municipal wastewater. The recovered coagulant gave
71 % COD, 80 % turbidity, 89 % phosphate, 77 % suspended
solids and 99.5 % total coliform removal at 25 mg Al/L. Fresh
PACI also gave similar performance but at higher dose of
40 mg AI/L. The results suggest that coagulant can be recov-
ered from water treatment plant sludge and can be used to treat
UASB reactor effluent treating municipal wastewater which
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can reduce the consumption of fresh coagulant in wastewater
treatment.
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Introduction

Coagulation is the most common process used to remove
suspended particles, colloids, organics, colour and microor-
ganisms from the drinking water supplies (Duan and Gregory
2003; Ghafari et al. 2009). Enormous quantities of water
treatment plant sludge (WTS) or waterworks sludge are pro-
duced when coagulants (generally aluminium or iron salts) are
added to raw water. For example, water treatment plants
produce annually 18,000 t as dry solids from Ireland,
34,000 t as dry solids from The Netherlands and 182,000 t
as dry solids from UK (Babatunde and Zhao 2007). Globally,
available literature estimates that 10,000 t of waterworks
sludge is produced daily (Dharmappa et al. 1997). Due to
regulatory changes in the recent past, WTS now has to be
disposed of into landfills or through land application in devel-
oped countries. However, in developing countries, it is dis-
posed into water bodies or sanitary sewers (Nair and
Ahammed 2013). WTS disposed of into water bodies is
reported to be toxic to aquatic life (Muisa et al. 2011), while
that disposed into landfill increases the land requirement of the
landfill site. Since the levels of pollutants in WTS are rela-
tively 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 reuse waterworks sludge in many beneficial
ways. These include its use in building and construction
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materials (Monteiro et al. 2008; Pan et al. 2004), in wastewater
treatment (Babatunde et al. 2010; Moghaddam et al. 2010;
Nair and Ahammed 2013) and for soil improvement
(Hovsepyan and Bonzongo 2009). Two different approaches
have been tried for the reuse of WTS in water and wastewater
treatment. In the first approach, coagulant is first recovered
from the sludge and is reused as a coagulant for the treatment
of water/wastewater. In the second approach, wet/dry sludge
itself is used as a coagulant or adsorbent for removal of
different contaminants. Water treatment sludge has recently
been used as an adsorbent for removal of anions and cations
such as phosphate (Belyaeva and Haynes 2012; Gibbons et al.
2009; Makris et al. 2010; Wang and Pei 2013), arsenic
(Makris et al. 2006), lead (Zhou and Haynes 2011), boron
(Irawan et al. 2011), selenium (Ippolito et al. 2009), fluoride
(Sujana et al. 1998), mercury (Hovsepyan and Bonzongo
2009) and chromium (Zhou and Haynes 2011). Since alumin-
fum salts are the most commonly used coagulants in drinking
water supplies, most of these studies focussed on aluminium-
based WTS (Babatunde et al. 2010; Ippolito et al. 2009;
Makris et al. 2010; Nair and Ahammed 2013).

Recovery of coagulant from WTS is an attractive proposi-
tion and has been reported by many researchers (Abdo et al.
1993; Chen et al. 2012; Ishikawa et al. 2007; Parsons and
Daniels 1999; Wang and Yang 1975; Xu et al. 2009). Gener-
ally, four ways of coagulant recovery are employed for the
water treatment sludge which includes acidification, basifica-
tion, 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; Ishikawa et al. 2007; Xu et al. 2009).

Several factors are known to affect coagulant 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; Ishikawa
etal. 2007; Xu et al. 2009). Cost-effective methods are needed
for successful recovery of coagulant from sludge and its
subsequent reuse. Since a large number of factors are involved
in the recovery process, simulation studies based on limited
laboratory data would be a better option to predict and opti-
mise the coagulant recovery. The studies reported in the
literature used one-factor-at-a-time approach which estimates
the influence of a single variable while keeping all other
variables at fixed conditions. This traditional approach is
time-consuming and cannot estimate the interactions among
the variables. It also requires large number of tests to be
conducted. On the other hand, statistically designed experi-
ments are economical, and valid conclusions can be drawn
with a small number of experiments. Response surface meth-
odology (RSM) is one such statistical technique and is used
for designing experiments, building models, evaluating the
effects of several variables and obtaining the optimum
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conditions for responses with a limited number of planned
experiments (Montgomery 2010; Anderson and Whitcomb
2005).

Recently, RSM has been used for studying and optimising
different processes used in water and wastewater treatment
(Bashir et al. 2009; Ghafari et al. 2009; Moghaddam et al.
2010; Nair et al. 2014; Zhang et al. 2012). Different types of
RSM designs such as three-level factorial design, central
composite design, Box—Behnken design and D-optimal de-
sign have been used in these studies. No studies, however,
have been reported on the use of RSM as a tool for modelling
coagulant recovery process from WTS.

One of the concerns on the reuse of recovered coagulant is
the high content of heavy metals and natural organic matter in
the recovered coagulant (Chen et al. 2012; Xu et al. 2009) and
the possible enrichment of these in treated water. Hence, the
recovered coagulant cannot be reused in water treatment.
However, it can be used for wastewater treatment since higher
concentration of metals is generally permitted in treated efflu-
ent. Coagulants recovered from WTS have been used in
sewage treatment (Ishikawa et al. 2007; Parson and Daniels
1999), wastewater from a coastal landfill site (Ishikawa et al.
2007), and in chemically enhanced primary treatment (Xu
et al. 2009).

The use of upflow anaerobic sludge blanket (UASB) reac-
tor has become popular for the treatment of municipal waste-
water in tropical countries due to its low capital investment,
less land and energy requirements, low maintenance cost and
the clean energy produced in the form of biogas (Chong et al.
2012). However, UASB reactor effluent cannot meet the
discharge standards without any post-treatment (Chong et al.
2012). The post-treatment options studied not sustainable for
developing countries due to their high mechanisation level,
high construction and operational costs and large land and
energy requirements (Chong et al. 2012; Nair and Ahammed
2013). Hence, an attempt was made in this study to reuse the
coagulant recovered from WTS in post-treatment of UASB
reactor effluent.

In the present study, coagulant recovery from WTS using
aluminium salts as coagulant was carried using acidification.
The aluminium recovery process was modelled using RSM to
obtain optimum conditions for aluminium recovery. The fea-
sibility of using the recovered coagulant in post-treatment of
UASB reactor effluent treating municipal wastewater was also
investigated.

Materials and methods

Sample collection and preparation

PACI sludge was collected from the clariflocculator of the
Katargam Water Treatment Plant at Surat, India, which treats
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water from Tapi River using polyaluminium chloride (PACI)
as the coagulant. Alum sludge was collected from Barabangla
Water Treatment Plant at Nasik, India, treating water from
Godavari River using alum as the coagulant. The sludge
samples were collected with polyethylene bottles and were
transported to the Environmental Engineering Laboratory of
SV National Institute of Technology, Surat, India. The average
values of pH, total solids and volatile solids of the collected
PACl sludge were 5.62, 383 g/L and 54 g/L respectively while
those of alum sludge were 7.28, 23.53 g/L and 3.14 g/L
respectively. The same batch of sludge was used in all the
tests. The sludge was dried in a hot air oven at 105 °C for 24 h
and crushed using a mortar and pestle, and the fraction passing
through 2-mm sieve was collected and was used in the tests.
Concentrations of relevant elements detected in the sludge are
presented in Table 1. Lead and chromium were below the
detectable limit. Both the sludge contains high proportion of
Al and Fe. The difference in the other heavy metal content can
be due to variation in quality of water source and coagulants.

Al in supernatant after acidification (mg Al/g dry sludge)

The UASB reactor effluent was collected from the municipal
wastewater treatment plant located at Bamroli, Surat, India,
whose characteristics have been reported in Nair and
Ahammed (2013).

Aluminium recovery

Aluminium recovery from the sludge was carried out using a
jar test apparatus (DBK Instruments, Mumbeai, India) at room
temperature (25-27 °C). Certain amount of powdered sludge
(designated as solid content (%) from here onwards) was
added to 100 mL of deionised water, and the pH of the mixture
was adjusted to a desired value by adding 1 N sulphuric acid.
The sulphuric acid required for each condition was noted. The
solution was then mixed at 100 rpm for various mixing times
and then kept quiescent for 15 min. The solution was filtered
and the filtrate was analysed for Al. All experiments were
carried out in triplicates. The aluminium recovery was calcu-
lated as follows:

Al recovery efficiency (%) =

Al in raw sludge after acid digestion (mg Al/g dry sludge)

100 (1)

Experimental design

A Box—Behnken statistical experimental design with the RSM
was used to investigate the effects of the three independent
variables, namely, pH of the solution, solid content (that is, the
gramme of dry sludge taken in 100 mL water), and mixing
time on aluminium recovery. Box—Behnken design is an
efficient, rotatable and economical design. The total number
of runs required in Box—Behnken design is defined as N=2 k(k
—1)+C, where k is the number of variables studied and C, the
number of central points (Bezerra et al. 2008). In the present
study, 17 runs were conducted, with five replicates at the
centre of the design for estimation of pure error sum of
squares. The efficiency of the recovery process was evaluated
as percentage aluminium recovery (dependent variable). Ex-
perimental data were fitted to a second-order polynomial
model:

k k k=1 k
y=by + Z bix; + Z bix; + Z Z bigix; (2)
i=1 i=1

i=1 j=i+1

where y is the predicted response (aluminium recovery in %)
used as dependent variable; x; and x; are the independent

variables; b is the constant coefficient, b; is the coefficient
that determines the influence of variable i in the response, b;; is
the coefficient that determines the effect of interaction be-
tween variables i and j, b;; is the parameter that determines
the shape of the curve (quadratic effect); and & is the number
of variables studied (Bashir et al. 2009; Zhang et al. 2012).

Two sets of preliminary tests were conducted to decide the
range of independent variables: (i) effect of pH (in the range
1.04.0) at a fixed solid content (1.0 %) and mixing time
(50 min) and (ii) effect of mixing time (in the range 10—
70 min) at a fixed pH (2.0) and solid content (1.0 %), and
the results of these tests are presented in “Results and discus-
sion” section.

The experimental design matrix in coded and uncoded
units is given in Table 2. The coded values for the process
parameters were determined by the following equation:

where x;=dimensionless coded value of independent variable,
zi=uncoded value of the ith independent variable, zo=
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Table 1 Elemental composition

of PACI and alum sludge Dry sludge (mg/g) Al

PACI
Alum

112.41
128.40

48.32

Ca Mn Cr K Na Cu Mg
26.508 2.04 0.14 422 7.40 0.18 74.89
95.64 16.33 1.43 0.34 3.94 6.01 0.11 66.39

uncoded ith independent variable at the centre point and the
Az=step change value between the low level (—1) and high
level (+1).

The regression analysis of the experimental data was pre-
pared using the software Design Expert 8.0 (Stat-Ease
Corporation, Minneapolis, USA). The software was also used
for obtaining the 3-D surface plots and contour plots of the
response models.

Analytical methods

In order to estimate the total metals present in the WTS, acid
digestion method by the US EPA 3050B (US EPA 1996) was
followed. The resultant solution was analysed for metals using
inductively-coupled plasma atomic emission spectrometry
(ICP AEP) (ARCOS Spectro, Germany). The chemical oxy-
gen demand (COD) of the samples was analysed using the
closed reflux titrimetric method in accordance with the Stan-
dard Methods (APHA 1998). pH and turbidity were measured
using pH metre (Hanna 209) and turbidimeter (Hach 2100P),

respectively. Phosphate was measured with the ammonium
molybdate method using a UV—visible spectrophotometer
(Varian CARY'50).

Results and discussion
Preliminary tests

Preliminary tests were conducted by varying one variable at a
time while keeping all other variables at fixed conditions.
Preliminary tests were conducted only for PACI sludge, while
RSM study was conducted for both PACI and alum with the
same experimental conditions. Results of the test to determine
the effect of pH on aluminium recovery along with the acid
consumption are given in Fig. 1. The aluminium recovery
pattern at different pH is similar to that found in the
literature (Chen et al. 2012). Recovery primarily depends
on the solution pH used, with higher recovery reported at
lower pH.

Table 2 Design matrix in coded and uncoded units along with observed and predicted values

Run pH Sludge dosage (%) Mixing time (min) Aluminium recovery (%) () (PACl sludge) Aluminium recovery (%) (v2) (Alum sludge)
(xy) (x2) (x3) Observed Predicted Observed Predicted
1 1.50 (-1) 0.5(-1) 20 (0) 86.88 85.47 72.12 71.90
2 2.00 (+1) 0.5 (1) 20 (0) 62.00 61.30 50.08 49.82
3 1.50 (=1) 1.5(+1) 20 (0) 71.96 73.28 58.70 58.96
4 2.00 (+1) 1.5 (+1) 20 (0) 35.91 37.94 31.48 31.70
5 1.50 (-1) 1.0(0) 10 (-1) 72.12 73.14 60.28 60.34
6 2.00 (+1) 1.0 (0) 10 (-1) 36.57 36.88 29.53 29.63
7 1.50 (-1) 1.0(0) 30 (+1) 86.52 85.60 70.77 70.67
8 2.00 (+1) 1.0 (0) 30 (+1) 64.00 62.36 52.09 52.03
9 1.75(0) 0.5(-1) 10 (-1) 54.14 56.71 4543 45.59
10 1.750) 150D 10 (-1) 40.71 38.93 32.64 3232
11 1750) 05(¢1) 30 (+1) 72.78 75.68 63.90 64.22
12 1.7500) 15(+1) 30 (+1) 56.12 57.91 46.59 46.42
13 1.75(0) 1.0(0) 20 (0) 58.31 57.31 47.88 48.76
14 1.750) 1.0(0) 20 (0) 57.92 57.31 48.97 48.76
15 1.750) 1.0(0) 20 (0) 58.29 57.31 49.39 48.76
16 1.75(0) 1.0(0) 20 (0) 60.23 57.31 49.36 48.76
17 1.75(0) 1.0(0) 20 (0) 57.29 57.31 48.22 48.76

Numbers in parentheses indicate the coded value
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Fig. 1 Aluminium recovery for PACI sludge at different pH with corre-
sponding acid consumption (solid content=1 %, mixing time=>50 min,
initial pH=6.6, temperature=26 C)

Aluminium recovery of 61-100 % has been reported from
WTS using acidification for pH range 1-3 (Abdo et al. 1993;
Chen et al. 2012; Xu et al. 2009). For example, Xu et al.
(2009) reported a rate of 83.6 % at pH of 2.5, a much higher
recovery at a relatively higher pH value compared to that in
the present study. They, however, used a sludge prepared in
the laboratory, while in the present study, sludge from a full-
scale plant was used. Further, characteristics of the suspended
solids, colloids, and some soluble species present in the source
water which would be part of coagulation flocs, type and dose
of coagulant used can also affect the recovery (Chen et al.
2012; Wang and Yang 1975).

While the aluminium recovery in this study increased from
62.3 to 80.8 % as the pH was brought down from 2.0 to 1.0
(Fig. 1), the amount of acid consumed increased substantially
(from 4.4 to 22.3 mmol), indicating the unsuitability of pH 1.0

70

D
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Fig. 2 Aluminium recovery at different mixing time for PACI sludge

(pH=2 and sludge dosage=1 %, temperature=26 °C)

for aluminium recovery. At pH 1.5, the aluminium recovery
was 73.34 % with a reasonable acid consumption of
14.4 mmol. Thus, a pH range of 1.5-2.0 was chosen in the
experimental design with RSM.

Another test was conducted to select the range of mixing
time for the recovery process. Results of the test presented in
Fig. 2 indicate an increase in recovery of up to 30-min mixing
time. Similar pattern for mixing intensity has been reported by
Xu et al. (2009). Cheng et al. (2012) studied the effect of
mixing time on aluminium recovery at different temperatures
and found similar pattern for increase in aluminium recovery
with mixing time. However, the optimum mixing time varied
for different temperatures. The range of 10-30 min was se-
lected for the mixing time in the experimental design for
RSM. For the third variable, i.e. sludge dosage/solid content,
a range of 0.5-1.5 % was employed in the experimental
design. Mixing intensity was kept constant at 100 rpm, as
metal leaching ratio does not increase with mixing speed
beyond 80 rpm (Cheng et al. 2012).

Table 3 Analysis of variance (ANOVA) test for aluminium recovery (%) from PACI sludge

Source Sum of squares Degree of freedom Mean square F value p value P>F

Model 2,539.058 9 282.117 1,604.692 <0.0001 Significant
x;—pH 670.87 1 670.878 3,815.975 <0.0001

x,— Sludge dosage 988.568 1 988.568 5,623.003 <0.0001

x;—Mixing time 695.831 1 695.831 3,957.909 <0.0001

X1X2 24.01 1 24.01 136.569 0.0274

X1X3 4.622 1 4.622 26.293 0.0143

XoX3 0.055 1 0.055 0314 0.4482

xp2 38918 1 38918 221.368 <0.0001

x> 82.174 1 82.174 467.412 0.1594

x5 19.332 1 19.332 109.961 0.3752

Residual 1.210 7 0.172

Lack of fit 0.779 3 0.259 2417 0.0592 Not significant
Pure error 0.430 4 0.107

R =0.9869, R? 14jusica=0.9790, R prediciea=0.9541, PRESS=126.9, AP=35.68
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Table 4 Analysis of variance (ANOVA) test for aluminium recovery (%) from alum sludge

Source Sum of squares Degree of freedom Mean square F value p value P>F

Model 2,429.60 9 269.96 480.41 <0.0001 Significant
x;—pH 1,202.56 1 1,202.56 2,140.04 <0.0001

x,— Sludge dosage 502.87 1 502.87 894.90 <0.0001

x3—Mixing time 543.89 1 543.89 967.89 <0.0001

XX5 6.97 1 6.97 12.40 0.0097

XX3 39.43 1 39.43 70.17 <0.0001

XoX3 5.57 1 5.57 9.91 0.0162

X7 12691 1 126.91 225.85 <0.0001

X, 2.80 1 2.80 4.98 0.0609

x5 1.02 1 1.02 1.81 0.2199

Residual 3.93 7 0.56

Lack of fit 1.44 3 0.48 0.77 0.5663 Not significant
Pure error 249 4 0.62

R>=0.9967, R stjustea=0.9942, R rediciea=0.9874, PRESS=30.63, AP=65.98

RSM model and its validation

Experimental results of the aluminium recovery from PACI
and of the alum sludge are presented in Table 2. Based on the
experimental data, regression models using a second-order
polynomial as represented by Egs. (4) and (5) were developed
for aluminium recovery from PACI and alum sludge
respectively.

Al recovery, y;

(%) = 51.25-13.30x;—7.95x; + 8.48x3—2.50xx, 4)

+2.91xx3 + 6.43x,>

[\

99 4
95 3
90 - .
80 5
70 o
50 4 On o

30 5 a

20 -
10 -

Bp

Normal % Probability
Lo

[ m
=]

I T I T T
-2.00 -1.00 0.00 1.00 2.00

Internally Studentized Residuals

Al recovery, y,

(%) = 48.64—12.26x,—7.93x; + 8.25 x5 + 1.32x1x, (5)

+ 3.14x1x3—1.18x2x3 + 5.46x1%—0.84x,>

where x;=pH, x,=solid content, x3=mixing time, y;=PACI
sludge and y,=alum sludge.

Analysis of variance (ANOVA) results for the Egs. (4) and
(5) are presented in Tables 3 and 4 respectively. The adequacy
and significance of the model are generally checked by model
F values, p values (P>F) and adequate precision (Ghafari
et al. 2009; Mohajeri et al. 2010). A model and each model
terms are significant at 95 % confidence interval if the F test
has a p value below 0.05. For the present models, the p value

b
99 —
] o
2 953
= 90 B
i)
'S 80 1
50
° S
S 304 o2
S 204 (a]
g d
“5 10 - o
Z 37 8,
1] -
T T T T T T
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Internally Studentized Residuals

Fig. 3 Normal probability plot of aluminium recovery from a PACI sludge and b alum sludge
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Fig. 4 Plot of predicted versus actual values for aluminium recovery from a PACI sludge and b alum sludge

is <0.0001 showing the significance of both the models. The = recovery from PACI and alum sludge are presented in
p values of each model terms involved in the aluminium  Tables 3 and 4 respectively. However, only the
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Fig. 5 Response surfaces and their corresponding contour plots for aluminium recovery from PACI sludge as a function of a pH and sludge dosage at
mixing time 20 min, b pH and mixing time at sludge dosage 1.0 % and ¢ sludge dosage and mixing time at pH 1.75
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Fig. 6 Response surfaces and their corresponding contour plots for aluminium recovery from alum sludge as a function of a pH and sludge dosage at
mixing time 20 min, b pH and mixing time at sludge dosage 1.0 % and ¢ sludge dosage and mixing time at pH 1.75

statistically significant model terms (p value <0.05) are
included in the Egs. (3) and (4). A large p value for lack
of fit, possibly >0.05, is preferred, as it measures the
model failure in representing data points in the experimen-
tal domain (Mohajeri et al. 2010). In the present case, the
values are 0.0592 and 0.5663 for aluminium recovery
models for PACI and alum sludge respectively, implying
that lack of fit of the model is insignificant. Adequate
precision (AP) is the ratio of range of predicted values of
the design points to the average standard deviation of all
predicted responses and should preferably be greater than

Table 5 Optimum conditions for aluminium recovery

Variable Unit Value Al recovery (%)

pH 2.0 Sludge PACI Alum
Solid content % 0.5 Predicted 74.00 63.00
Mixing time min 30 Experimetal 73.26 62.73

@ Springer

4 (Anderson and Whitcomb 2005). In the present study,
AP values of 35.68 and 65.98 were obtained for alumin-
ium recovery for PACI and alum respectively, which con-
firm that the models can be used for predicting the alu-
minium recovery.

The overall prediction performance of the model is de-
scribed by coefficient of determination (R?). A high R value,
close to 1, is desirable to ensure a satisfactory adjustment of
the model to the experimental data (Anderson and Whitcomb
2005; Nair et al. 2014). The value of R?=0.9869 and 0.9967
for aluminium recovery from PACI and alum sludge respec-
tively. Also, a reasonable agreement of R* with adjusted R
(Rzadj) is necessary (Moghaddam et al. 2010; Nair et al. 2014).
In the present models, the values of Rzadj=0.9790 and 0.9942
were close to R*=0.9869 and 0.9967 for PACI and alum
sludge respectively, indicating high significance of the model.
If a model contains many terms and the sample size is
not large, RZadj may be significantly lower than R? (Liu
et al. 2004; Zhang et al. 2012). The residual plots of the
models are presented in Fig. 3. The residuals are
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Table 6 Analysis of the recovered coagulant at optimum conditions

Parameter (mg/L) Al Fe Mn Ca Mg Na K P Cr Cd Pb COD
PACI sludge 782.98 99.34 26.04 124.39 35.53 7.84 275 16.3 BDL BDL BDL 240
Alum sludge 685.1 187.05 53.9 108.62 27.27 3.25 5.7 19.4 0.24 0.11 BDL 194

BDL below detection limit

normally distributed if the points on the plot follow a
straight line. As Fig. 3 illustrates, the assumption of
normality is satisfied for the models.

The empirical model developed using RSM study shown in
Egs. (4) and (5) can be used to predict new aluminium recov-
ery values within the experimental domain. For the model to
be reliable, the response should be predicted with a reasonable
accuracy by the model equation (Moghaddam et al. 2010;
Zhang et al. 2012). Figure 4 and Table 2 present the observed
and predicted values of aluminium recovery from PACI and
alum sludge. The statistical significances of the models are
evident from Fig. 4, as observed and predicted values are in
good agreement with each other.

Analysis of the coagulant recovery results

In order to explain the effects of variables and their interactive
effects, 3-D plots and their corresponding contour plots were
generated based on the model developed. These plots are
generated as a function two variables at a time, keeping the
third variable at a fixed level (centre level). Figures 5 and 6
show the response surfaces for aluminium recovery from
PACI and alum sludge respectively. It is evident from
Figs. 5a, b and 6a, b that the aluminium recovery continuously
increased with decreasing pH from 2.0 to 1.5. Aluminium
hydroxide precipitates are the dominant species in the alumin-
ium sludge, and addition of more acid dissolves larger
amounts of aluminium from the sludge according to the
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following equation, resulting in higher recovery at lower pH
(Abdo et al. 1993; Li et al. 2005):

QAI(OH)s + 3H2504—>A12(SO4)3 + 6H20 (6)

Figures Sb, c and 6b, ¢ show that at all conditions of pH and
solid content, increase in mixing time increased the sludge
recovery. However, the effect of mixing time on recovery was
more prominent at higher pH compared to that at lower pH.
Figures 5a, ¢ and 6a, c illustrate that aluminium recovery
decreased with increase in solid content. Here, also, the effect
of'solid content on recovery was more significant at higher pH
values compared to that at lower values. It should be noted
that though higher solid content would result in reduced
percentage aluminium recovery, the concentration of alumin-
ium in the recovered solution would be greater at higher solid
content. This is due to the higher amount of sludge taken at
higher solid content. Thus, if the objective of the recovery
process is to obtain a concentrated coagulant solution, then the
use of a higher solid content would be preferred. However, if
the recovery process is aimed at maximising aluminium re-
covery from the sludge, then it would be advantageous to use
a lower solid content.

In order to determine the optimised conditions for alumin-
ium recovery from the sludge, a cost-based approach is de-
sired by considering the chemical (acid) consumption. The
amount of acid consumed for each aluminium recovery ex-
periment for both PACI and alum sludge was also added and
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Fig. 7 Performance evaluation of a recovered coagulant and b fresh alum (initial pH=7.4, temperature=26 °C)
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analysed as responses (data not shown). The optimisation was
performed using the software Design Expert 8.0, which allows
choosing the desired goal for each variable and response.
Hence, optimisation of the process was carried out to obtain
maximum aluminium recovery with minimum acid consump-
tion with the help of the desirability function (Montgomery
2010). In the optimisation process, the desired goals for alu-
minium recovery and acid consumption were set as “maxi-
mum’’ and “minimum” respectively, while for the independent
variables, the goal was chosen as “within range.” The opti-
mum conditions derived from this study are presented in
Table 5. In order to confirm the results of the model studies,
additional confirmation tests were conducted. The results
obtained, as presented in Table 5, show that the measured
aluminium recovery was close to the predicted value using the
regression model. This further demonstrates the usefulness of
RSM in modelling aluminium recovery process from WTS.
The RSM models (Figs. 5 and 6) and predicted and experi-
mental values of the aluminium recovery (Table 5) show that
aluminium recovery from PACI sludge is greater than that
from alum sludge which confirms with the findings reported
in literatures (Chen et al. 2012).

Performance of recovered coagulant

An analysis of the recovered coagulant solution at the opti-
mum conditions was performed for different metals, and the
results are presented in Table 6. It is seen that in addition to Al,
metals such as iron, manganese, copper, magnesium, sodium,
potassium and calcium were also present in significant quan-
tities in the recovered solution. The coagulant recovered at
optimum conditions from PACI sludge has higher Al, Ca and
Mg content than that from alum sludge, while the Fe content is
higher in case of coagulant recovered from alum sludge. This
difference is due to their initial concentration in raw sludge
itself (Table 1). The concentrations of toxic elements like Cd
and Cr are lower in coagulant recovered from PACI sludge
than those from alum sludge. Pb is below the detection limit in
both cases. The COD of the recovered coagulant was also
high, indicating the dissolution of organic matter from the
sludge. Dissolved organic carbon (DOC) concentration in
the range of 326—1,800 mg/L has been reported in the recov-
ered coagulant from drinking water treatment plant (Prakash
and Sengupta 2003). While the presence of iron, calcium and
magnesium is beneficial since these elements can act as coag-
ulants, elevated levels of other elements are of concern. This
indicates the unsuitability of the recovered coagulant for use in
drinking water treatment. However, it can be reused for waste-
water treatment (Ishikawa et al. 2007; Xu et al. 2009).

In the present study, the aluminium recovered from PACI
sludge was only reused as coagulant for post-treatment of
UASB reactor effluent due to its higher Al, Ca and Mg content
and lower content of toxic elements like Cr, Cd and Pb.

@ Springer

Figure 7 shows the phosphate, COD and turbidity removal
of recovered coagulant and fresh PACI. The recovered coag-
ulant gave 89 % phosphate, 71 % COD and 80 % turbidity
removal at 25 mg Al/L. Though similar removal efficiency
was obtained with recovered coagulant and fresh PACI, a
higher dose of 40 mg AlI/L was required with fresh PACI.
This may be because of the presence of Ca*", Mg”>" and Fe**
in the recovered coagulant along with AI** which contribute
in the coagulation process (Xu et al. 2009), while in fresh
PACI, only aluminium contributes to the coagulation process.
The presence of organic matter in the recovered coagulant also
improves the phosphate removal from the UASB rector efflu-
ent (Ishikawa et al. 2007). In addition, the recovered coagulant
also gave 77 % suspended solids and 99.5 % total coliform
reduction at 25 mg AI/L. The UASB effluent after treated with
the coagulant recovered from PACI sludge at 25 mg A/L had
the following mean characteristics: pH=6.4, turbidity=
41 NTU, SS=34 mg/L, COD=68 mg/L, phosphate=0.5 mg/
L and total coliform=3.2x10° MPN/100 mL. The effluent
can be discharged safely into water bodies after disinfection
process.

Reuse of the coagulants recovered from the WTS could
substantially reduce the chemical coagulant requirement for
post-treatment of UASB reactor effluent, thereby reducing the
cost involved in buying the fresh coagulants and also the
consumption of natural resources and fossil fuel utilised for
the production of chemical coagulants. Massides et al. (1988)
reported 50-60 % reduction in the operating cost of coagula-
tion process due to savings in chemicals to treat wastewater.

Sludge volume reduction and residual sludge disposal

Figure 8 shows that acidification of sludge caused reduc-
tion in total volume of the sludge. At the optimum con-
ditions volume reduction of 59.8 % and 45.6 % were ob-
tained with PACI and alum sludge respectively. This re-
duction in sludge at lower pH could be due to the dissolu-
tion of aluminium hydroxide and other aluminium oxides
(Huang et al. 2010; Xu et al. 2009). Xu et al. (2009)
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reported a linear relationship between the reduction of
sludge and coagulant recovery. Sengupta and Shi (1992)
reported reduction in sludge disposal cost by 28 % due to
reduced sludge volume after acidification. However, the
acidic sludge is toxic and corrosive in nature and, hence,
has to be neutralised before disposal.

Conclusions

In this study, the aluminium recovery from the water treatment
sludge using acidification was optimised with the help of
RSM. The second-order regression models could simulate
well the effects of the different variables and their interactions
in the recovery process. The optimum coagulant recovery was
obtained at pH 2.0, solid content of 0.5 % and mixing time of
30 min. Confirmation experiment at optimum conditions
showed an aluminium recovery of 73.26 and 62.73 % for
PACI and alum sludge respectively, which was close to the
optimum value predicted by the models. The recovered alu-
minium could not be reused for drinking water treatment due
to the impurities present in it. Hence, the aluminium recovered
from PACI sludge was reused as coagulant for post-treatment
of UASB reactor effluent. The recovered coagulant at 25 mg
Al/L dose gave 89 % phosphate, 71 % COD, 80 % turbidity,
77 % suspended solids and 99.5 % total coliform reduction
removal from UASB reactor effluent. The quality of the
wastewater treated with recovered coagulant and fresh coag-
ulant was comparable. This shows that the coagulant recov-
ered from the water treatment sludge can be substituted effec-
tively for fresh coagulant in wastewater treatment and reduc-
ing the cost of the UASB post-treatment process. Acidifica-
tion also reduced the sludge volume, thus reducing the sludge
handling cost.
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