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Abstract This study investigated the effect of raw water
quality and coagulant type and dosage on the efficiency of
aluminium recovery from water treatment sludge by acid-
ification process. One of the features of this study is to
prioritise several factors affecting aluminium recovery
using demonstrating experiments and analysing the result
using model. The previous studies comparing the alu-
minium recovery from PACI and alum sludge had collected
the sludge from treatment plants treating different source
water. However, this study compares aluminium recovery
from PACI and alum sludge obtained from treating same
source water. Water treatment sludge was prepared in
laboratory by coagulating raw water with different inor-
ganic and organic contents using aluminium sulphate
(alum) and polyaluminium chloride (PACI) as coagulants.
The effect of the different factors on the aluminium
recovery efficiency was evaluated using a 2° full factorial
experimental design. The aluminium recovery efficiency
was higher for PACI sludge compared to alum sludge with
recovery ranging from 62.5 to 74.5 % for alum sludge and
from 70.7 to 84.0 % for PACI sludge. At higher concen-
trations of organic matter and turbidity in the raw water,
lower aluminium recovery efficiency was observed for both
the sludges. The study thus shows the important effects of
raw water quality and coagulant type and dose on the
recovery process.
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Introduction

Coagulation—clarification using iron or aluminium salts, is
a widely used water treatment process. The large quantity
of water treatment sludge (WTS) generated during the
coagulation—clarification process is usually disposed into
the water bodies or to landfill or applied on land consid-
ering it as non-hazardous and inert material [1, 2]. How-
ever, landfill disposal increases the land requirement while
the WTS disposal into water bodies and land has a dam-
aging effect on fish and plants due to its large Al and Fe
contents [3].

WTS formed after coagulation process has a gelatinous
structure with feathery and bulky nature [4]. Although
WTS settles easily, it is barely possible to dewater it
without any pre-treatment [4]. The biological digestion or
incineration is not possible in case of WTS due to its low
nutritional or calorific value [2]. The production of WTS
will be increasing due to population explosion and increase
in potable water demand. Hence the proper management of
WTS is a serious environmental concern. The composition
of aluminium-WTS (AI-WTS) is similar to soil with SiO,
and Al,Oj3 as the main constituents along with aluminium
hydroxide precipitates formed during coagulant process [,
6]. The aluminium hydroxide present in WTS has
amphoteric characteristics and is highly soluble in both
acidic and alkaline pH. This facilitates coagulant recovery
from WTS by simply adjusting the pH of WTS [7]. As the
pollutant level is generally low in WTS due to use of good
quality source water, coagulant recovery is an attractive
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option [8]. The water molecules bound within the sludge
flocs are also displaced in the coagulant recovery process.
This reduces the sludge volume after the coagulant
recovery process and lowers the sludge handling cost [9,
10].

Acidification is the most popular coagulant recovery
method due to its low cost and high efficiency in com-
parison to alkalization [8, 10-12]. Majority of the past
researchers had focused on the coagulant recovery and
sludge volume reduction from AI-WTS sludge as alu-
minium salts such as aluminium sulphate (alum) and
polyaluminium chloride (PACIl) are commonly used in the
water treatment process [4, 6, 8, 11, 13].

Aluminium recovery of 60-100 % has been reported in
the pH range of 1-3 in different studies [7, 11]. Although
coagulant recovery is a simple process, its efficiency is
governed by a number of factors such as sludge charac-
teristics, raw water characteristics, type and dose of coag-
ulant used which in turn depends on raw water
characteristics and on concentration of type of solids pre-
sent [11, 13].

Previous studies which compared aluminium recovery
from alum and PACI sludges concluded that Al recovery
from PACI sludge was greater when compared to that from
alum sludge [7, 11]. However, the sludge for these studies
were obtained from water treatment plants which treated
water from different sources with varying quality and had
used different coagulant dosages. Thus there is a need to
study the influence of raw water quality and coagulant type
and dose on coagulant recovery in a more controlled
environment. One factor at a time (OFAT) approach is
generally used to study the effect of different factors
involved in acidification process [4, 8, 11, 13]. However,
this involves large number of experiments, consuming time
and resources with little information on interaction effect
among the factors using design of experiments (DoE)
approach [14, 15]. A better way would be to perform sta-
tistically planned experiments as an effective way to
extract maximum information with a limited number of
experiments using design of experiments (DoE) approach
[14, 15]. In DoE, the most commonly used first-order
design is the two-level factorial which experimentally
studies each factor at only two levels. The number of
experiments involved in two-level full factorial design is 2*
where k is the number of factors, each tested at two levels
(—1 for low level and +1 for high level) [15, 16]. Two-
level factorial designs are useful for either preliminary
studies or initial optimization process [14]. Hence testing
the model for more number of points in between would
provide more reliable data and help us to understand the
process in between the two points.

In the present study, the effect of raw water character-
istics and coagulant type and dose on the coagulant

recovery by acidification process was investigated using
design of experiments approach. The factorial experimental
design was applied to prepare Al-WTS in the laboratory
with different raw water quality and coagulant dose using
alum and PACI as coagulants.

Materials and methods
Factorial experiments

Influence of three variables, organic content (added as
humic acid), coagulant dose and turbidity (added as clay)
on aluminium recovery was investigated in this study. Each
factor was tested at two different levels, correspondingly
coded as (—1) for lower and (41) for higher level. The
factorial design used is given in Table 1. Turbidity levels
and humic acid levels in the range of 25 NTU (—1) to 50
NTU (+1) and 1 mg/L (—1) to 5 mg/L (+1), respectively,
were used as these are the typical range found in the settled
surface water in the developing countries [17]. Coagulant
dosage of 3 mg Al/L (—1) to 6 mg AI/L (+1) were used as
these doses were the approximate optimum coagulant
doses found from the preliminary tests for the raw waters
used in this study. The experiments were performed in
randomised order to minimise possible systematic errors.

Sludge preparation and aluminium recovery

Different sets of raw water were prepared by spiking
required amounts of humic acid (HA) and turbidity in 20 L
tap water (pH = 7.9, alkalinity = 62 mg/L as CaCO; and
hardness = 36 mg/LL as CaCOj;) as given in Table 1.
Sludge samples were prepared after coagulation of raw
water with a certain amount of alum or PACI. The coag-
ulation procedure comprised of flash mixing for 2 min
followed by slow mixing for 30 min and 30 min of settling.
The sludge settled at the bottom of the container was col-
lected and was oven dried at 105 °C for 24 h. It was cru-
shed with mortar pestle and aluminium recovery was
performed at pH 2.

For aluminium recovery, 1.0 gm of powdered sludge
was added to 100 mL deionised water and the pH of the
solution was adjusted to 2.0 using 1 N sulphuric acid. The
solution was then mixed for 30 min at 100 rpm and then
kept quiescent for 15 min. These conditions were selected
based on the reported studies. Cheng et al. [11] reported
that when mixing speed increased beyond 80 rpm the film
diffusion control did not influence the Al leaching rate.
Similarly, 30 min reaction time and pH 2 was found
optimum for maximum Al recovery [7, 13]. After 15 min
of quiescent condition, solutions were analysed for Al
concentration. The aluminium recovery was calculated as:
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Table 1 Factorial design for

aluminium recovery from Run Humic acid Coagulant dose Turbidity Observed Al recovery (%)
: (mg/L) (A) (mg AIVL) (B) (NTU) (C)

synthetic sludge Alum sludge PACI sludge
1 1 (-1 3(-D 25 (-1 68.36 76.94
2 5(+1) 3(=D 25 (-1 62.55 70.67
3 1 (=1 6 (+1) 25 (-1 74.54 83.99
4 5(+1) 6 (+1) 25 (=1 65.03 73.22
5 1 (-1 3(-D 50 (+1) 67.88 76.19
6 5D 3(-1 50 (+1) 62.94 70.87
7 1 (-1 6 (+1) 50 (+1) 70.73 79.84
8 5(+1) 6 (+1) 50 (+1) 61.25 68.88

Numbers in parentheses represent the coded values

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

= 100
Al in raw sludge after acid digestion (mg Al/g dry sludge) x

(1)

Analysis

Aluminium concentration was measured using inductively
coupled plasma atomic emission spectrometry (ICP-AES)
(ARCOS Spectro, Germany). The raw water characteristics
were analysed as per standard methods [18]. pH was
measured using a pH metre (Hanna 209) and turbidity was
measured using turbidimeter (Hach 2100P). The chemicals
(RANKEM Fine Chemicals Ltd., India) used were of
analytical grade. Design and statistical analysis of the 2°
factorial experiments were carried out with Design Expert
v 8.0 (Stat-Ease, USA) DoE package.

Results and discussion
Aluminium recovery

Al(OH); was the dominant species present in the WTS
flocs which reacted with sulphuric acid to produce alu-
minium sulphate. The chemical reaction occurring in the
acidification process is expressed by the following equation

[6]:
2A1(OH);+ 3H,SO4 — Aly(SO4);+ 6H,O (2)

The percentage of Al recovered from alum and PACI
sludge is shown in Table 1. As observed from Table 1 the
best combination of the factors for highest Al recovery
from WTR was from run 3 where humic acid concentration
and turbidity was the lowest and coagulant dose was
highest. This result was applicable for both alum and PACI
sludge. It was also observed that Al recovery from PACI
sludge was higher than the one from alum sludge by
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7-10 % (Figs. 1, 2, 3). Previous studies have also reported
higher Al recovery from PACI sludge compared to alum
sludge [7, 11]. This may be due to the PACI-induced
interparticle bridging resulting in more aluminium ions
being adsorbed on the solid phase of sludge and released by
acidification [11]. However, the acidification of WTS to
recover Al is non-selective process and other impurities
present in WTS are also dissolved into the solution along
with Al [11].

Main effects

The main effect plots of each factor on the Al recovery
efficiency from alum and PACI sludge are shown in Figs. 2
and 3 respectively, where A represents humic acid con-
centration, B represents coagulant dose and C represents
turbidity. These plots were generated in order to present the
results of the regression analysis. The deviations of the
mean values for each factor are also presented in the main
effect plots. From Figs. 2 and 3 it can be seen that humic
acid concentration, when compared to turbidity and coag-
ulant dose, had higher influence on the Al recovery effi-
ciency from both alum and PACI sludge. The effects of
humic acid concentration and turbidity were negative, that
is Al recovery efficiency reduced when these factors move
from low level to high level. The opposite was true for the
coagulant dose. The presence of organic matter may offer
an inert surface coating on the sludge and thus obstructs
alum resolubilization [19, 20]. Li et al. [9] reported that the
organic matter present in the sludge might consume H™
through protonation reaction thus reducing the Al recovery
efficiency. The presence of inert solids causing turbidity
may have limited the reagent contact which reduced the Al
recovery efficiency.

Interaction effects

Interaction plots are effective to understand the change in
response of a factor from low to high level depending on
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Fig. 3 Main effects of the factors on Al recovery efficiency from PACL sludge

the level of a second factor [16]. Figures 4 and 5 show
interaction between the factors AB and BC for alum and
PACI sludge, respectively, where AB represents humic acid
concentration—coagulant dose interaction, BC represents
coagulant dose—turbidity interaction and AC represents

humic acid concentration—turbidity interaction effect on Al
recovery. These plots clearly indicated that interaction
between humic acid and coagulant dose (AB) was stronger
than the interaction between coagulant dose and turbidity
(BC). The interaction between humic acid and turbidity
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(AC) was not statistically significant and hence not pre-
sented. The interaction plots shown in Figs. 4 and 5 also
suggested that compared to lower coagulant dose, at higher
coagulant dose, the effect of humic acid and turbidity was
more remarkable on Al recovery from both alum and PACI
sludge.

23 factorial regression models

The factors which are significant in the regression model
were determined by carrying out an analysis of variance
(ANOVA) of the data from Table 1. ANOVA results for Al
recovery from alum and PACI sludge along with with the
p values for each factor are presented in Tables 2 and 3. The
factors with p value greater than 0.05, are considered to be
statistically insignificant at 95 % confidence interval [14].

The final model after excluding the statistically
insignificant terms for Al recovery from alum and PACI
sludge is presented in Egs. (2) and (3). There exist a sta-
tistical relation between the response and the factors
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selected at 95 % confidence level as the p values for both
the models were lower than 0.05.

Al recovered (alum) (%)
= 66.66 — 3.72A + 1.23B—0.96C —1.03AB — 0.94BC

(3)
Al recovered (PACI) (%)
=75.08 —4.17A + 1.41B —1.13C —1.27AB — 0.99BC

(4)

where A = humic acid concentration, B = coagulant dose
and C = turbidity.

Equations (3) and (4) described how the experimental
factors and their interactions influence the Al recovery from
alum and PACI sludge, respectively. Humic acid concen-
tration (A) had the greatest effect on Al recovery process
followed by coagulant dose (B), humic acid concentration—
coagulant dose interaction (AB), turbidity (C) and coagulant
dose—turbidity interaction (BC) in that order for both the
sludge. The positive sign of the factors indicate that they
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:l?l?rifnizurr?ljegxﬁr;a?rlsnfloilum Source Sum of Degree of Mean F value p value
sludge squares freedom square
Model 145.63 5 29.13 304.87 0.0033 Significant
A—Humic acid 110.65 1 110.65 1158.27 0.0009
B—Alum dose 12.11 1 12.11 126.71 0.0078
C—Turbidity 7.35 1 7.35 76.97 0.0127
AB 8.47 1 8.47 88.65 0.0111
BC 7.05 1 7.05 73.76 0.0133
AC 0.072 1 0.072 0.45 0.6227
R* = 0.9987, Rﬁdjusted = 0.9954, Rgredic‘ed = 0.9790
:li?r:fn?unﬁljegxﬁr;a?rl(?n?; ACI Source Sum of Degree of Mean F value p value
sludge squares freedom square
Model 185.59 5 37.12 321.68 0.0031 Significant
A—Humic acid 138.84 1 138.84 1203.21 0.0008
B—PACI dose 15.81 1 15.81 137.03 0.0072
C—Turbidity 10.21 1 10.21 88.51 0.0111
AB 12.86 1 12.86 111.45 0.0089
BC 7.87 1 7.87 68.21 0.0143
AC 0.10 1 0.10 0.39 0.6450
R* = 0.9988, Ridjusled = 0.9957, Rﬁmdmed = 0.9801

have constructive effect on the Al recovery process while the
negative sign of the factors indicate that they have adverse
effect. Accordingly, the coagulant dose had positive effect
while humic acid concentration and turbidity had negative
effect on the Al recovery process. Equations (2) and (3)
facilitate the prediction of Al recovery (%) from alum and
PACI sludge as a function of humic acid concentration,
coagulant dose and turbidity along with their interactions.
The coefficient of determination (RZ) describes the
overall prediction performance of the model and should be
close to 1.0 [14, 15]. R? is the ratio of sum of square of
regression to total sum of squares [14, 15]. However, R?
increases with the addition of model terms which may not
be significant. Hence Rgdjusled should be considered for
model adequacy check. The sum of square used in R* cal-
culation is divided by degree of freedom to obtain R2

adjusted*
2
The value of R},

icant variables are included in the model [15]. Tables 2 and
3 shows high R? values of 0.99 for both the models. In
addition, the models had a high Rgdjusted value of 0.99, fitting
the statistical model quite well. The prediction ability of the

. . 2
model for new responses is described by Ry gieq- Hence a

4 often reduces if statistically insignif-

. . 2 2
large variation between Ry eq and Rp . gieq Cannot be

accepted. Tables 2 and 3 show that R2, Rﬁdjusled and R;redmd

are in close agreement. Extensive details of the model
adequacy check can be referred from the literatures [14, 15].
Similarly Fig. 1 showed that the experimental data and the

predicted data do not differ significantly for both the
models. Accordingly the models were found suitable for
prediction within the range of the selected factors.

It may be noted that the amount and composition of
WTS generated from a water treatment plant vary because
of the variations in raw water quality, coagulant used,
dosage applied and treatment efficiency. High levels of
colour and turbidity in the source water required higher
coagulant dosages, influencing sludge quantity and quality.
Hence the characteristics and quantities of WTS generated
vary from treatment plant to plant and also within the
treatment plant. The present study considered three
parameters, humic acid concentration, turbidity and coag-
ulant dosage on aluminium recovery from the sludge
formed. The empirical models developed in this study
clearly depicted the effect of these parameters on the
recovery. More parameters can be included in further
studies which would result in improved models. Controlled
laboratory experiments were conducted in the present
study, and more studies based on the field data should also
be conducted to optimise the recovery process.

Conclusions
The present study compared the aluminium recovery from

sludge prepared with alum and PACI coagulants using raw
water with different characteristics and coagulant dosages.
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Controlled laboratory experiments, with design of experi-
ments approach was used to prepare sludges from raw
water with different turbidity and humic acid concentration
and coagulant dosages. The results of the study showed that
the Al recovery efficiency was higher from PACI sludge
than from alum sludge. Increase in organic matter (humic
acid) and turbidity reduced the Al recovery efficiency from
the sludge for both the coagulants while increase in coag-
ulant dose increased the Al recovery efficiency. Compared
to lower coagulant dose, at higher dose, the effect of humic
acid and turbidity was more remarkable on Al recovery
from both alum and PACI sludge. The models developed in
the study can be used for predicting aluminium recovery
from sludges produced from raw waters of different
quality.
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