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Abstract 26 
 27 

In line with the increasing studies on the beneficial reuse of alum sludge from a “waste” into 28 

useful raw material, this paper reports an in-depth investigation of the effects of ageing time 29 

on the structure and the phosphate adsorption capacity of a dewatered alum sludge obtained 30 

from a local drinking water treatment plant in Ireland. During the ageing period from 0 day to 31 

up to 18 months, the adsorption capacity of the sludge varied from 21.4 to 23.9 mg-P g
-1

-32 

sludge at pH 4.3, 14.3 to 14.9 mg-P g
-1

-sludge at pH 7.0 and 0.9 to 1.1 mg-P g
-1

-sludge at pH 33 

9.0, respectively, indicating marginal effect of ageing time on such sludge‟s ability to adsorb 34 

phosphate. This result seems conflict with other studies reported in the literature. To reveal 35 

such, series of investigations including physicochemical characterization, morphological 36 

structure, BET surface area and porous structure of the aged sludge were carried out. All the 37 

results conclusively show that ageing time has insignificant effect on the structure and 38 

properties of the dewatered alum sludge and thus the phosphate adsorption capacity of the 39 

alum sludge remains insignificant change during the ageing. 40 

 41 
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1. Introduction 52 

 53 

Phosphorus (P) is an essential nutrient for the growth of aqueous plants and is also a principal 54 

element to cause eutrophication in the water environment. Generally, the biological 55 

phosphorus removal (BPR) process and/or chemical precipitation are used in the removal of 56 

P from wastewater. In chemical removal, lime and metal salts, such as aluminium, iron and 57 

magnesium salts are used for this purpose [1]. However, this can increase the operational 58 

costs and/or sludge production, thus hindering its widespread use. Therefore, other cost 59 

effective treatment methods and materials are being investigated. Alum sludge is an 60 

inevitable by-product of the production of drinking water when aluminium salt is added as a 61 

coagulant. In Ireland, as in most other countries worldwide, alum sludge is historically 62 

reviewed as 100 % “waste” and disposed of in landfill sites. However, following 63 

sustainability principles, there is a progressive drive towards alum sludge reuse as a 64 

beneficial material. In particular, previous work done by investigators including the authors 65 

showed that alum sludge has a considerable adsorption capacity and can be utilized as a low-66 

cost adsorbent for P immobilization from wastewaters and contaminated soils [2-9].  67 

    Factors to influence P adsorption capacity of alum sludge are mainly derived from two 68 

catalogues. One is from the sources/processes of the sludge to be formed, such as source 69 

water quality, dose of alum salt and other chemicals, water treatment process etc. [3] and the 70 

other is from the P-sorption testing conditions, such as particle size, equilibrium time, initial 71 

P concentration [2,5,10,11]. Furthermore, ageing time of the sludge appears to affect the P 72 

sorption capacity as well. DeWolfe [3] reported that the ability of alum sludge to bind P is 73 

likely due to a multitude of factors including the age of the sludge.  It is claimed that the 74 

old/aged alum sludge is likely to be less reactive due to mineralization of aluminium. 75 

Compared with aluminium hydroxides, alum sludge may have different but similar 76 
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characteristics in structure and P adsorption mechanism. Amorphous aluminium hydroxide, 77 

which is thermodynamically metastable, can be transformed to thermodynamically stable 78 

phases with increasing ageing time, pH and temperature [12]. The path of structural 79 

transformation could be different with various mobility of ions that are related to the water 80 

content [13]. In the ageing process under aqueous condition, it was reported that the 81 

Brunauer-Emmett-Teller (BET) surface area of aluminium hydroxide floc formed from 82 

aluminium sulphate addition to lake waters, was decreased from 72 m
2
 g

-1
 (at 4 days of 83 

ageing) to 38 m
2
 g

-1
 (at 120 days) and was accompanied by the transformation of amorphous 84 

Al(OH)3 to gibbsite which increases the crystallinity of the aluminium hydroxide floc [14]. 85 

The significant decrease of the surface area of the floc over ageing time is believed to be 86 

related to the structural transformation [14-16]. The P adsorption capacity of aluminium 87 

hydroxide floc aged for 6 months was about 50 % lower than the fresh floc; this is likely due 88 

to the alterability of the structural transformations and the reactivity of P adsorption [14]. 89 

    During the ageing process under dry conditions, however, structural transformation does 90 

occur, but at lower rates since the ion mobility is restricted [13]. It was reported that alum 91 

sludge showed no significant change in the structure, adsorption sites and P adsorption 92 

capacity despite ageing of the sludge in the laboratory for approximately 5 years [17]. 93 

Interestingly, aluminium hydroxide sample prepared at 70 
o
C showed a significant decrease 94 

in surface area and micropore volume within the first month of ageing was also reported [6]. 95 

Although the sludge samples were collected from different locations and the experimental 96 

conditions might be different, the conflicting results emphasize the need for a more detailed 97 

and in-depth study into the effect of the ageing time on structure and the P capacity of the 98 

alum sludge. This forms the basis of the present study.  99 

    Noting that whether ageing affects the P adsorption capacity of alum sludge depends on the 100 

influence of the ageing time on the structure and surface properties of alum sludge. The 101 
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objectives of this study were to (1) identify the effect of ageing time on P adsorption capacity 102 

of dewatered alum sludge and (2) characterize the structure and the surface properties of alum 103 

sludge during the ageing process of up to 18 months.  104 

 105 

2. Materials and methods 106 

 107 

2.1. Source of dewatered alum sludge and sample preparation 108 

 109 

Dewatered alum sludge cakes were collected from an industrial filter press of the sludge 110 

dewatering unit of the Ballymore Eustace Water Treatment Plant, Co. Kildare, Ireland. The 111 

plant produces about 230,000 to 275,000 m
3
 d

-1 
of potable water for Dublin city. The raw 112 

water with a mean colour of 105 Hazen units flows through a series of tunnels under gravity 113 

from the Poulaphuca reservoir, 1.5 km away from the plant. Aluminium sulphate is used as 114 

the primary chemical coagulant at a dose of 42-60 mg L
-1

. After collection, the sludge cakes 115 

(moisture content 72 ~ 75 %) were stored at room temperature in a well-covered container for 116 

a period of up to 18 months, during which the samples of sludge stored for 0 day (fresh alum 117 

sludge), 6, 12, and 18 months were subjected to various tests for their chemical properties, P-118 

adsorption capacities and structures. It should be pointed out that, to eliminate the affect of 119 

air-drying process on the moisture content of the sludge, the sludge was stored in a well-120 

covered environment, causing the anaerobic condition of the sludge during ageing process. 121 

However, the potential effects of anaerobic condition on the structure and properties of alum 122 

sludge were not considered in the current study. Before tests at each specific ageing time, the 123 

sludge samples were taken from the storage and air-dried at room temperature for 1 week. 124 

The sludge was then ground and sieved to provide the test adsorbent with diameter < 0.063 125 

mm. 126 
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2.2. Chemical characterization of the alum sludge 127 

 128 

The prepared alum sludge samples at each ageing time were dried in an oven at 103 ± 2 
o
C 129 

for 72 hours to determine the moisture content. The 103 ± 2 
o
C dried samples were weighed 130 

and digested using the standard method of nitric acid digestion (3030 E) [18]. Thereafter, the 131 

chemical composition of the samples was examined using Inductively Coupled Plasma-132 

Optical Emission Spectrum (ICP-AES, IRIS Intrepid II XSP, Thermo Elemental, Franklin, 133 

Massachusetts, USA), Ion Chromatography (DX-120, Dionex, Sunnyvale, California, USA) 134 

and Total Organic Carbon (TOC)-VCSH (Shimadzu, Tokyo, Japan).  135 

 136 

2.3. Adsorption capacity 137 

 138 

Adsorption capacity of the sludge sample at each specific ageing period was determined 139 

using batch tests. Different masses of the alum sludge ranging from 0.2 to 20.0 g L
-1

  were 140 

prehydrolyzed in a pH controlled distilled water (pH 4.3 to 9) for 48 h. Thereafter, standard 141 

aliquots of the P stock solution, which were prepared by dissolving pre-weighed potassium 142 

dihydrogen phosphate (KH2PO4) in distilled water, were then introduced, giving a resultant 143 

initial P concentration of 100 mg-P L
-1

, and alum sludge content ranged from 0.1 to 10.0 g L
-1

. 144 

The mixtures were then mechanically agitated to enhance adsorption over a 48 hours 145 

equilibration period that was pre-determined in the previous study [4]. During this period, the 146 

solution was adjusted to the required pH (ranged from 4.3 to 9.0) using sulphuric acid (0.01 147 

M) and sodium hydroxide (0.1 M). After adsorption, equilibrated samples were filtered using 148 

0.45 µm millipore filter paper (Millipore, Billerica, Massachusetts, USA) and analysed for P 149 

concentration using the stannous chloride method (4500-P D) [18]. The equilibrium 150 
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adsorption capacities were calculated from a linearized form of the Langmuir adsorption 151 

isotherm [19]. 152 

bQ
C

Qq

C
e

e

00

11
  (1) 

where q is the mass of P adsorbed per unit mass of sludge(mg-P g
-1

sludge); Ce is the 153 

equilibrium concentration of phosphate in the suspension (mg-P L
-1

); Q0 is the maximum 154 

adsorption capacity (mg-P g
-1

sludge); b is the constant related to the energy of the adsorption-155 

desorption process with unit of inverse of concentration Ce. By plotting Ce vs. Ce/q, a straight 156 

line with slope 1/Q0 is obtained and the Q0 can be calculated. 157 

 158 

2.4. Morphological and structural characterization 159 

 160 

2.4.1. Morphological structure and functional group characterization 161 

The morphology of each sludge sample at different ageing time was examined by scanning 162 

electron microscope (SEM, JSM-6700F, Japan Electron Optics Laboratory, Tokyo, Japan) 163 

and X-ray powder diffraction (XRD, D/max-3C, Rigaku, Tokyo, Japan). The functional 164 

group of the sludge was also examined by Attenuated Total Reflectance Fourier Transform 165 

Infrared (ATR-FTIR) (EQUINOX-55, Bruker, Ettingen, Germany). 166 

 167 

2.4.2. BET surface area and pore structure 168 

Low temperature nitrogen adsorption-desorption isotherms. To determine the surface area 169 

and the pore characteristics of the alum sludge, the prepared sample (air-dried, particle 170 

diameter < 0.063 mm) was outgassed at 250 ± 5 
o
C for 3 hours until the relative pressure 171 

(p/p
0
) was less than 10

-6
. Thereafter, low temperature nitrogen adsorption-desorption 172 

isotherms at 77.4 ± 0.1 K were conducted using a Surface Area and Pore Size Analyzers 173 

(SA3100, Beckman Coulter, Fullerton, California, USA).  174 
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 175 

BET surface area. The BET surface area was calculated by fitting the nitrogen adsorption 176 

isotherm data to the BET model [20] (see Equations 2, 3&4). 177 
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where p/p
0
 is the relative pressure; n is the volume of the gas adsorbed at  p/p

0
 (ml(STP) g

-1
); 178 

nm is the monolayer adsorption capacity (ml(STP) g
-1

); c is the BET constant which is 179 

approximately equal to e
(El-EL)/RT

 (El is the heat of adsorption of the gas in the first adsorbed 180 

layer, and EL is the heat of liquefaction of the gas); ABET is the specific surface area calculated 181 

from BET model.  182 

 183 

Mesopore pore size distribution. The mesopore size distribution was obtained from the 184 

desorption branch of the low temperature nitrogen isotherm using the method of Pierce [21]. 185 

The hysteresis loop range used for pore size distribution was from p/p
0
=0.948 to 0.445 (fresh 186 

sample), 0.956 to 0.434 (6 months old sample), 0.948 to 0.465 (12 months old sample), and 187 

0.957 to 0.45 (18 months old sample), respectively. 188 

 189 

Micropore and micropore surface area. The micropore identification was carried out and the 190 

micropore surface areas of the alum sludges were examined using the t-plot. t-plot is a plot of 191 

the isotherm with the statistical thickness of the film (t). Fitting the linearized Harkins-Jura 192 

(HJ) model (see Equation 5) to the experimental data, the constants a and b can be 193 

determined [22]. Thereafter, t is determined by using the HJ equation (see Equation 6). In the 194 
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range t  3.54 Å, the slope of the straight line can be used to obtain the surface area 195 

(indicated as At,HJ) and this can be use as criteria to test the correctness of the pore type 196 

identification model. In the range t > 3.54 Å, the slope of the straight line gives the mesopore 197 

surface area (indicated as At,HJ,Meso) of the adsorbent. The difference between At,HJ and 198 

At,HJ,Meso, gives the surface area contributed by micropore (if the micropore is present) [23,24]. 199 
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mnn

a
bpp   (5) 

2

1

0 )/log(
54.3 












ppb

a
t  (Å) (6) 

Where 3.54 Å corresponds to the thickness of the nitrogen layer [25].  200 

 201 

3. Results 202 

 203 

3.1. Chemical composition of the alum sludge  204 

 205 

The quantitative chemical composition of the alum sludge at different ageing times is given 206 

in Table 1. The dominant component in all the sludge samples is aluminium (as Al2O3) with 207 

approximately 424.3, 430.4, 418.9 and 436.7 mg g
-1

-sludge in 0 day, 6, 12 and 18 months‟ 208 

storage, respectively. In spite of some scatter, the insignificant change of the aluminium 209 

content (in the range from -1.3 % to 2.9 %) during the ageing period studied was observed. 210 

The moisture content of the samples of 0 day, 6, 12 and 18 months‟ ageing time is 34.6 %, 211 

24.7 %, 25.3 % and 24.6 %, respectively. This shows similarity in free-water content of the 212 

sludges under different ageing time, especially after 6 months. The mass loss at 500 
o
C is due 213 

to the loss of volatile organic matter and also part of the structural hydroxyl ion. At 1000 
o
C, 214 

the mass loss is caused by the loss of structural hydroxyl ion. Overall, the striking feature of 215 
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the data in Table 1 lies in the insignificant difference in the chemical characteristics of the 216 

sludge throughout the 18 months ageing period, which shows considerable stability in its 217 

chemical characteristics. 218 

 219 

[ Table 1 The chemical components of the fresh alum sludge (ageing time: 0 day) and the 220 

aged alum sludge (ageing time: 6, 12 and 18 months) ] 221 

 222 

3.2. Effect of ageing time on P adsorption capacity 223 

 224 

The effect of the ageing time on P adsorption capacity of the alum sludge at different pH 225 

conditions is shown in Fig. 1. The maximum adsorption capacity, Q0, obtained using 226 

Langmuir isotherm, in 18 months ageing varied 21.4 ~ 23.9 (at pH 4.3), 17.7 ~ 19.1 (at pH 227 

6.0), 14.3 ~ 14.9 (at pH 7.0), 1.1 ~ 1.7 (at pH 8.5) and 0.9 ~ 1.1 mg-P g
-1

-sludge (at pH 9.0). 228 

These results clearly show that the adsorption capacity of the alum sludge decreases with 229 

increasing pH, this respect has been examined in our earlier studies [4,5]. It is however more 230 

important to note that the ageing seems not to considerably affect the P-adsorption capacity 231 

of the alum sludge since the change < 5 % in maximum adsorption capacity during the ageing 232 

process was statistically obtained. 233 

 234 

[ Fig. 1. P adsorption capacity of the alum sludge at different ageing times and pH condition ] 235 

 236 

3.3. Effect of ageing time on sludge structural characteristics 237 

 238 

3.3.1. Solid-phase structural transformation  239 
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Fig. 2 illustrates the X-ray diffraction patterns of the fresh and aged sludges. It can be seen 240 

clearly that the fresh and aged sludges exhibit quite similar XRD characteristics. There is no 241 

considerable crystalline-aluminium related XRD peak observed. This indicates that 242 

crystallization (a process of transformation of amorphous form to crystalline) did not occur 243 

during the ageing process. In contrast, the XRD pattern elucidates the amorphous structure of 244 

the alum sludge. The peak in Fig. 2 is identifiable crystalline solid of silicon oxide (SiO2), 245 

which can be identified by the powder diffraction file (PDF).  246 

 247 

[ Fig. 2. X-ray diffraction patterns of alum sludge at various ageing times ] 248 

 249 

3.3.2. Functional groups on the surface of the aged sludges 250 

Fig. 3 shows the ATR-FTIR spectra of the alum sludge at different ageing times. The 251 

comparison of ATR-FTIR spectra can reveal the transformation (if any) of the hydroxyl 252 

group (–OH) on surface of alum sludge at different ageing times. The surface hydroxyl group 253 

is essentially related to the adsorption capacity of the alum sludge due to the fact that the 254 

functional group plays a dominant role in the ligand exchange mechanism of the P-adsorption 255 

onto the surface of alum sludge [5]. The OH vibration detected in the ATR-FTIR spectra of 256 

the sludge can reveal any transformation of the OH group on the alum sludge. The bonded 257 

OH stretching vibration can be detected at ca. 3400 (3600-3200) cm
-1

 (antisymmetric and 258 

symmetric OH stretching mode) and 1625 (1650-1600) cm
-1

 (HOH bending mode) [26,27]. 259 

From Fig. 3, it can be seen that the spectrum is characterized by a broad peak which is due to 260 

functional group vibration at 3427 and 1618 cm
-1

 for all the sludge samples, irrespective of 261 

their ageing time. The main adsorption band in the spectrum of the alum sludge appeared at 262 

3427 cm
-1

 and this can be identified as the OH group due to its vibration [27,28], while the 263 

absorption at 1618 cm
-1

 can be potentially linked to the bonded OH and/or organic functional 264 



- 12 - 

group (i.e. C=C, C=N) [29,30]. Notwithstanding the ageing time, the intensity of the OH 265 

and/or C=C and C=N vibration did not change. The similar characteristics of the ATR-FTIR 266 

of the different aged sludge samples, as shown in Fig. 3, lead to the conclusion that there was 267 

no transformation of functional groups during the ageing process. This implies that the ageing 268 

time did not affect any change of the functional group (-OH and/or humic substances) on the 269 

surface of the alum sludge. 270 

 271 

[ Fig. 3. ATR-FTIR spectra of alum sludge samples with different ageing times ] 272 

 273 

3.3.3. BET surface area of the aged sludges 274 

The BET plots of the aged alum sludges, which were obtained through applying Equation (1) 275 

to experimental data, are presented in Fig. 4. The nm, BET c-constant and surface area (ABET) 276 

can be calculated from the BET model and the results are shown in Table 2. The ABET of the 277 

alum sludge at different ageing times is respectively 49.03 (0 day, fresh alum sludge), 62.33 278 

(6 months), 54.60 (12 months), and 53.54 m
2
 g

-1
-sludge (18 months). This indicates that the 279 

surface area of alum sludge was not decreased with the ageing time. In contrast, a 280 

considerable increase of the surface area at 6 months was observed. Although there was some 281 

difference in the surface area of the samples, this is rather caused by sample differences (see 282 

Table 1) and not particularly due to the effect of the ageing time. It is also noted in Table 2 283 

that the value of BET c-constant for the different alum sludge samples is approximately the 284 

same, while the monolayer adsorption capacity (nm) did not differ significantly. This indicates 285 

that there was no significant change in surface properties of alum in spite of their different 286 

ageing time. 287 

 288 
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[ Fig. 4. BET plots of low temperature nitrogen adsorption isotherm of the fresh alum sludge 289 

(ageing time: 0 day) and the aged alum sludges (ageing time: 6, 12 and 18 months) ] 290 

 291 

[Table 2 Results of BET plot using nitrogen adsorption isotherm of the fresh alum sludge 292 

(ageing time: 0 day) and the aged alum sludges (ageing time: 6, 12 and 18 months) ] 293 

 294 

3.3.4. Porous structure of the aged alum sludges 295 

The nitrogen adsorption-desorption isotherm is presented in Fig. 5. From the adsorption 296 

branch, the isotherm of the alum sludge represents Type IV according to the Brunauer-297 

Deming-Deming-Teller (BDDT) classification [31], while the desorption branch exhibits a 298 

wide hysteresis loop. The hysteresis loop refers to a phenomenon in which the desorption 299 

isotherm curve does not coincide with the adsorption isotherm curve. This is caused by the 300 

fact that the nitrogen released during the desorption process is always less than the amount of 301 

nitrogen adsorbed during the adsorption over the high relative pressure range, a phenomenon 302 

caused by the condensation in the pores or capillaries. The hysteresis loop occurred over the 303 

entirely high relative pressure range, i.e. at p/p
0
=0.445-0.991 (0 day, fresh alum sludge); 304 

0.434-0.99 (6 months); 0.465-0.989 (12 months) and 0.45-0.99 (18 months), which represents 305 

the capillary condensation. The very similar trends of the hystersis loops of the different 306 

samples clearly indicate the unchanged porous structure of the sludge during the ageing time 307 

tested. 308 

 309 

[Fig. 5. Nitrogen adsorption-desorption isotherms at 77.4 K for different ageing times of alum 310 

sludges] 311 

 312 

3.4. SEM observation of the aged alum sludges 313 
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 314 

Fig. 6 (a-d) shows the SEM images of the alum sludge at different ageing times. The presence 315 

of the cylindrical-like shape, mesosize pores (which are several tens of nanometres in 316 

diameter) in the alum sludges can be observed from Fig. 6. More importantly, from the 317 

comparison of the SEM images, the very similar amorphous structures of the sludges can be 318 

observed despite their different ageing times. Both the morphological structure, pore size and 319 

the pore shape remain unchanged during the ageing process. This further proves the non-320 

structural transformation during the ageing process, although the SEM provides a qualitative 321 

description. 322 

 323 

[Fig. 6. SEM images of the fresh alum sludge (ageing time: 0 day) and the aged alum sludges 324 

(ageing time: 6, 12 and 18 months) ] 325 

 326 

4. Discussion 327 

 328 

4.1. Effect of ageing time on structural transformation 329 

 330 

In considering the use of alum sludge as a low cost adsorbent for P immobilization, the need 331 

for detailed investigation of ageing effect on its P adsorption ability is a crucial necessity in 332 

both academic and practical respects. It is believed that the adsorption capacity of alum 333 

sludge depends on the chemical nature of the sludge. Any changes of its chemical 334 

characteristics and related structure and surface properties during the sludge ageing process 335 

will be useful to identify and understand the change (if any) of its P adsorption ability. 336 

Current evidence from literature seems to reveals some conflict as regards this. In an 337 

evaluation of the influence of ageing time on P adsorption capacity of aluminium hydroxide 338 
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floc, it was shown that approximately 20 % of the floc had transformed to gibbsite after 20 339 

days and over 70 % was transformed in 180 days ageing time [14]. More recently, 340 

Georgantas and Grigoropoulou [32] provided the evidence on XRD monitoring of aluminum 341 

hydroxide during ageing. It has been demonstrated that the characteristic diffraction band of 342 

gibbsite appeared in the second month of ageing and this diffraction band become sharper 343 

with time. Accordingly, the P sorption capacity was reported to decrease with the structural 344 

transformation. One possible reason could be the decrease of the non-structural –OH, due to 345 

its transformation into the structural –OH during the ageing process of aluminium hydroxide. 346 

The result in the decrease of available ligand exchangeable ion subsequently leads to the 347 

decrease in P adsorption capacity [16,33]. It is important to note that the above claims of the 348 

structural transformation of the aluminium hydroxide (flocs) were based on the ageing in 349 

aqueous condition. However, in an artificial ageing process (both thermal and wet and dry 350 

incubation) of a relative dry condition of alum sludge amended soils, Agyin-Birikorang and 351 

O‟Connor [34] investigated the lability of alum sludge immobilized phosphorus and reported 352 

that P would remain immobilized and was no release in the long term. Also in dry ageing 353 

condition, this study revealed that the amorphous structure of the alum sludge (see Fig. 2) did 354 

not change into the thermodynamically stable structure (crystalline) during 18 months. The 355 

cause of this is likely due to the fact that such structural changes are kinetically very slow 356 

especially in dry conditions [35], although they are certainly thermodynamically possible. In 357 

addition, the presence of organic acid [36] and/or ionic strength may slow this process 358 

[16,37]. Consequently, the unchanged surface structure and functional group of alum sludge 359 

can be suggested as reasons for the insignificantly changed P-adsorption capacity (see Fig. 1).  360 

 361 

4.2. Effect of ageing time on surface area 362 

 363 



- 16 - 

In a study of P adsorption on alum hydrolysis products, it was reported the transformation of 364 

amorphous aluminium hydroxide to crystalline form and this transformation was 365 

accompanied by a decrease of surface area over the ageing time [38]. This may affect the 366 

reactivity of the aluminium hydrolysis products and the availability of the surface area that 367 

are crucial for P adsorption. As a result, the adsorption capacity was decreased during the 368 

ageing period [14,36]. However, the examination on the surface area of the aged sludges in 369 

this study (Fig. 4) provides hard evidences to support the fact of insignificant change of 370 

surface area during the ageing process. It is believed that the surface area must be sufficient 371 

enough to accommodate the P molecules located on the surface of the alum sludge. This is 372 

particularly important as most of the surface area is located in the interior of the alum sludge 373 

particle. Therefore, any significant decrease in the surface area of alum sludge during the 374 

ageing period can reduce the adsorption capacity. Therefore, the unchanged surface area can 375 

be attributed as reasons for the unchanged adsorption capacity (see Fig. 1). 376 

 377 

4.3. Effect of ageing time on pore size distribution and pore type 378 

 379 

4.3.1. Effect of ageing time on pore size distribution 380 

The pore type and the pore size of alum sludge are crucial for P adsorption since alum sludge 381 

should provide enough pathway through which the adsorbate molecules can gain access into 382 

the interior of the alum sludge particle. Therefore, any significant change in pore type and the 383 

pore size during the ageing process can result in the change of the sludge adsorption capacity.  384 

    A characteristic feature of mesopore solid is that its adsorption isotherm represents Type 385 

IV with a hysteresis loop [39]. The Type IV adsorption isotherm and the hysteresis loop in 386 

the adsorption-desorption isotherm of the current study indicate clearly the existence of the 387 

mesoporous structure of the alum sludge (Fig. 5). From the SEM images, the presence of 388 
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cylindrical-like mesopore can be qualitatively seen in various aged sludge samples (see Fig. 389 

6). 390 

     To further characterize the structural change in term of pore size distribution during the 391 

ageing process, a comparative quantitative method is applied to reveal the porous structure 392 

and its change in more detail. The mesopore size distribution based on surface area is shown 393 

in Fig.7. The main feature of this illustration is a very similar characterization in pore size 394 

distribution with different ageing times of the sludge. Fifty percent of the surface area of the 395 

ageing sludges is contributed by pores with sizes less than 5.98 (0 day), 6.13 (6 months), 6.10 396 

(12 months) and 6.17 nm (18 months), while ninety percent of surface area is contributed by 397 

pores of size less than 9.67 (0 day), 9.01 (6 months), 9.39 (12 months) and 9.60 nm (18 398 

months). The pores with sizes larger than 20 nm only contributed insignificant amount to the 399 

surface area. The slight difference in pore size distribution between the ageing sludges is 400 

most likely due to sample differences rather than the ageing time. Accordingly, the 401 

unchanged surface area can be attributed as reason for the unchanged adsorption capacity 402 

(see Fig.1) 403 

 404 

[Fig. 7. Mesopore surface area-pore size distribution of the fresh alum sludge (ageing time: 0 405 

day) and the aged alum sludges (ageing time: 6, 12 and 18 months) ] 406 

 407 

4.3.2. Effect of ageing time on pore type 408 

In addition, to reveal the entire porous structure and characteristics of the alum sludge, t-plot 409 

can be employed to reveal both qualitative and quantitative information about the micropore 410 

[23]. For the non-porous solid, the t-plot is a straight line through the entire multilayer 411 

adsorption range and the straight line through the origin. For the porous solid, the straight line 412 

can be obtained in the low pressure range. The difference between the t-plot straight line and 413 
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the t-curve can be used to characterize the presence or otherwise of a certain type of pore 414 

[23,40,41]. The t-curve, as shown in Fig. 8, exhibits a downward deviation from the straight 415 

line. This is observable in the fresh alum sludge (ageing time: 0 day) only.  416 

 417 

[ Fig. 8. t-plot of the fresh alum sludge (ageing time: 0 day) (using HJ model and HJ t-418 

equation) ] 419 

 420 

    The upward deviation of t-curve from the straight line, as shown in Fig. 9, suggests that 421 

there are no micropores in the 6, 12 and 18 months old samples. From the intercept of the t-422 

plot, the presence or otherwise of the micropores can be quantitatively and qualitatively 423 

determined. From the comparison of the porous structure based on the t-plot, it can be noted 424 

that the only porous structural change during the ageing process is the disappearance of the 425 

micropores in the alum sludge. The micropore surface area in the fresh sample (ageing time: 426 

0 day) is 15.31 m
2
/g-sludge and this represents 31.41% of the entire surface area (see Table 427 

3). The comparison of the surface area obtained through the BET model (ABET) (see Table 2) 428 

and the tHJ-plot (At,HJ) (see Table 3) shows that the At,HJ is 0.57 % (0 day), 0.87 % (6 months), 429 

2.31 % (12 months) and 2.07 % (18 months) lower than ABET. The good agreement between 430 

ABET and At,HJ shows the validity of using HJ model and HJ t-equation to characterize  the 431 

pore type of the aged alum sludges. 432 

 433 

[ Fig. 9. t-plot of 6, 12 and 18 months aged alum sludge (using HJ model and HJ t-equation) ] 434 

 435 

[ Table 3  Harkins-Jura model constants and tHJ-plot results of the fresh alum sludge (ageing 436 

time: 0 day) and the aged alum sludges (ageing time: 6, 12 and 18 months) ] 437 

 438 
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Overall, the approaches used to reveal the chemical composition, morphological structure, 439 

surface functional group, surface area, pore type and pore distribution, which are believed to 440 

highly relevant in affecting the adsorption ability of alum sludge, support the idea of 441 

inconsiderable change in the P adsorption capacity of dewatered alum sludge over ageing 442 

time. The adsorption capacity of the alum sludge, being „ageing time-independent‟, is almost 443 

definitely due to its „unchanged‟ chemical and structural characteristics with ageing time. 444 

 445 

5. Conclusions 446 

 447 

The results of this study provide insight and concrete evidence to demonstrate the stability of 448 

the structure and surface characteristics of the alum sludge over time. It further provides basis 449 

to the unexpected change in P-adsorption capacity of alum sludge over time. Despite the 450 

inherent variability of the alum sludge samples, the results of SEM, XRD, ATR-FTIR, 451 

nitrogen adsorption-desorption isotherm, surface area, pore area and pore size distribution 452 

indicated that the ageing time has no significant effects on the structure and surface 453 

characteristics. The major conclusions of this study are: 454 

 455 

      ● Results of SEM and XRD show that solid-phase transformation did not occur during 456 

the 18 months ageing process. Although the alum sludge has an amorphous structure, 457 

which is thermodynamically metastable, there was no morphological structural 458 

transformation observed in the aged sludge. This indicates that the influence of ageing 459 

time on the structure and surface properties of alum sludge is different from that of pure 460 

aluminium hydrolysis products because the two solid phases have totally different 461 

chemical characteristics and composition. In addition, transformation of the aged alum 462 

sludge into more stable forms is not observed and this is adduced to be a combination of 463 



- 20 - 

the kinetic behaviour, environmental conditions and/or the presence of other inhibiting 464 

materials.  465 

      ● The ATR-FTIR result indicates that the functional group on the surface of the alum 466 

sludge did not change over the ageing time.  467 

      ● The BET surface of the aged sludges did not decrease during the ageing process. The 468 

type of low temperature nitrogen adsorption-desorption isotherm and the SEM images 469 

indicate that the alum sludge is structurally mesoporous. The tHJ-plot results illustrate that 470 

the fresh alum sludge (ageing time: 0 day) contains micopores while for the 6, 12 and 18 471 

months aged sludge there was no micropore being observed. This is likely thought to be 472 

due to the extended ageing time which may control the entirely mesoporous structure of 473 

the alum sludge. Results of the mesopore size distributions also show that the alum sludge 474 

samples have a similar size distribution with a narrow pore size distribution. There was 475 

no significant change over the ageing time. 476 

      ● The findings of the current investigation are vital for two main reasons: (1) Aside from 477 

revealing the in-depth phenomena of the ageing process of alum sludge, it provides useful 478 

information on the implication of the reuse of alum sludge as adsorbent for P removal 479 

when the alum sludge is stored over a long time; (2) From the engineering point of view, 480 

the unchanged adsorption capacity is crucial in ensuring a sustainable pathway for the 481 

reuse of the alum sludge in environmental engineering applications. 482 
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Table 1 

The chemical components of the fresh alum sludge (ageing time: 0 day) and the aged alum 

sludge (ageing time: 6, 12 and 18 months) 

Chemical composition Unit 

Amount (mean±SD) 

0 day 6 months 12 months 18 months 

Moisture content % 34.59±1.87 24.73±0.52 25.25±1.0 24.58±1.59 

Aluminium (as Al2O3) mg g
-1

-sludge 424.3±2.97 430.4±8.63 418.9±1.44 436.7±1.01 

Iron (as Fe2O3) mg g
-1

-sludge 8.86±0.67 11.00±0.85 9.01±1.30 12.2±0.36 

Calcium (as CaO) mg g
-1

-sludge 8.77±0.61 11.46±0.51 8.87±0.25 8.32±0.49 

Magnesium (as MgO) mg g
-1

-sludge 4.11±0.69 7.34±0.31 6.75±0.27 5.77±0.33 

Humic acid (as TOC) mg g
-1

-sludge 145.1±2.91 101.6±4.17 156.1±1.47 137.3±1.83 

Cl
-
 mg g

-1
-sludge 15.89±0.09 15.73±0.47 16.31±0.17 16.41±0.37 

SO4
2-

 mg g
-1

-sludge 9.73±0.35 8.57±0.16 8.72±0.19 9.34±0.23 

Silicon oxide (as SiO2) mg g
-1

-sludge 27.67±1.90 13.17±0.83 24.01±1.67 27.76±0.94 

Mass loss at 500
 o
C % 54.96±0.12 50.29±0.43 53.59±0.17 54.85±0.08 

Mass loss at 1000
 o
C % 0.23±0.01 0.24±0.03 0.24±0.02 0.24±0.02 
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Table 2 

Results of BET plot using nitrogen adsorption isotherm of the fresh alum sludge (ageing 

time: 0 day) and the aged alum sludges (ageing time: 6, 12 and 18 months) 

Ageing time p/p
0
 range nm (ml (STP) g

-1
) BET c-constants ABET (m

2
 g

-1
) r

2
 

0 day 0.063-0.280 11.27 59.09 49.03 0.99996 

6 months 0.029-0.240 14.33 92.58 62.33 0.99995 

12 months 0.045-0.239 12.55 75.84 54.60 0.99996 

18 months 0.047-0.200 12.31 79.63 53.54 0.99997 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 



- 28 - 

 642 

Table 3 

Harkins-Jura model constants and tHJ-plot results of the fresh alum sludge (ageing time: 0 

day) and the aged alum sludges (ageing time: 6, 12 and 18 months) 

 

HJ model At,HJ Mesopore Micropore 

surface area 

(m
2
 g

-1
) 

a b r
2
 p/p

o
 range 

tHJ  range 

(Å) 

At,HJ 

(m
2
 g

-1
) 

p/p
o
 range 

tHJ range 

(Å) 

At,HJ,Meso 

(m
2
 g

-1
) 

0 day 0.864 -0.068 0.9996 0.05-0.100 2.96-3.41 48.75 0.32-0.6 5.04-8.40 33.44 15.31 

6 months 1.065 0.040 0.9999 0.051-0.080 3.16-3.42 61.79 0.10-0.32 3.58-4.99 62.97 0 

12 months 1.041 0.039 0.9998 0.045-0.084 3.07-3.42 53.34 0.10-0.32 3.54-4.94 55.59 0 

18 months 1.056 0.048 0.9999 0.039-0.083 3.03-3.42 52.43 0.10-0.32 3.54-4.93 54.45 0 
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Fig. 1. P adsorption capacity of the alum sludge at different ageing times and pH condition 
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Fig. 2. X-ray diffraction patterns of alum sludge at various ageing times 
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Fig. 3. ATR-FTIR spectra of alum sludge samples with different ageing times 
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Fig. 4. BET plots of low temperature nitrogen adsorption isotherm of the fresh alum sludge 

(ageing time: 0 day) and the aged alum sludges (ageing time: 6, 12 and 18 months) 
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Fig. 5. Nitrogen adsorption-desorption isotherms at 77.4 K for different ageing times of 

alum sludges 
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(a) ageing time: 0 day (b) ageing time: 6 months 

  

(c) ageing time:12 months (d) ageing time:18 months 

Fig. 6. SEM images of the fresh alum sludge (ageing time: 0 day) and the aged alum sludges 

(ageing time: 6, 12 and 18 months) 
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Fig. 7. Mesopore surface area-pore size distribution of the fresh alum sludge (ageing time: 0 

day) and the aged alum sludges (ageing time: 6, 12 and 18 months) 
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Fig. 8. t-plot of the fresh alum sludge (ageing time: 0 day) (using HJ model and HJ t-

equation) 
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Fig. 9. t-plot of 6, 12 and 18 months aged alum sludge (using HJ model and HJ t-equation) 
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