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Abstract 23 

The application of aluminum-based flocculant in wastewater treatment results in 24 

a large amount of Al-rich sewage sludge. This work investigated the influence of 25 

calcination process on physicochemical characteristics and pozzolanic activity of Al-26 

rich sludge ash and studied the effect of sludge ash on cement hydration. The results 27 

showed that higher calcination temperature from 600 ℃ to 900 ℃ increased the 28 

amorphous content in sludge ash. The pozzolanic activity of sludge ash calcined at 800 ℃ 29 

and 900 ℃ was confirmed by Frattini test. In view of strength activity index of blended 30 

mortar and energy conservation, the optimal calcination process of sewage sludge was 31 

calcined at 800 ℃ with air-cooling. The addition of sludge ash accelerated the 32 

formation of ettringite and monosulfate phase in cement paste at early hydration age. 33 

However, the high Al dissolved concentration of S6 and S7 ash inhibited significantly 34 

the cement hydration resulting in low compressive strength of mortar. The pozzolanic 35 

reaction of S8 and S9 ash produced more hydration heat and additional Al-bearing 36 

products such as katoite and monosulfoaluminate contributing to strength development. 37 

Furthermore, the heavy metals in sewage sludge can be immobilized in ash structure 38 

after calcination process and the structure of hydration products which ensures the 39 

environmental security of sludge ash utilization in construction materials. 40 

 41 

Keywords: sewage sludge ash; calcination temperature; pozzolanic activity; cement 42 

hydration. 43 
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 3 

1 Introduction 47 

Sewage sludge, the byproduct from wastewater treatment, has become a thorny 48 

issue for its disposal due to the huge productivity and complicated components [1-2]. 49 

With the enhancement of environmental awareness, some traditional disposals of 50 

sewage sludge such as ocean dumping have been obsoleted. The decontamination and 51 

reclamation of sewage sludge are attracting increasing attention. The agricultural 52 

utilization of sewage sludge is limited strictly by the current regulations and modern 53 

incineration accounts for more than 50 % of the total sludge disposal, especially for 54 

European countries [3-5]. As one of the most environmental-friendly disposals, 55 

incineration not only handles cleanly the hazardous and toxic substances in sewage 56 

sludge but also reduces CO2 emissions by the cogeneration application. However, a 57 

large amount of sewage sludge ash is generated from incineration process. Generally, 58 

sludge ash is discarded on waste landfill or used as soil-filling material resulting in a 59 

second environmental pollution for soil and groundwater. On the other hand, cement 60 

industry produces around 7 % of total CO2 emissions in the world and contributes to 4% 61 

of global warming [6]. Thus, there is an urgent demand in exploring alternatives for 62 

supplementary cementitious materials to replace cement in the production of low-63 

carbon cement. The recycling of various solid wastes such as fly ash and industrial slag 64 

has been a hot area of research for several years [7-8]. 65 

Sewage sludge ash consists of high proportion of inorganic oxides such as SiO2, 66 

Al2O3 and CaO, being similar to the chemical composition of pulverized fly ash. Based 67 

on this point, extensive studies have explored variety of methods for the potential 68 

recycling of sludge ash as a substitution of cement in the production of construction 69 

materials, especially in mortars and concretes [9-21]. As reviewed in current studies, 70 

the high specific surface area of sludge ash increased water demand of mortar causing 71 

a significant loss in workability. Brushite was found in the cement paste blended with 72 

sludge ash as a result of the reaction between amorphous iron phosphate with calcium 73 

hydroxide [18,22]. The minor elements in ash delayed early cement hydration resulting 74 

in a decrease in early compressive strength [19]. However, a reverse effect was 75 
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 4 

demonstrated by another study where the fine sludge ash particle accelerated cement 76 

hydration as it provided more nucleation sites for the precipitation of hydration product 77 

[13]. Encouragingly, acceptable mechanical strength and remarkable economic benefit 78 

were obtained for that the strength index of mortar with 20% cement substitution by 79 

sludge ash decreased merely by 4.5 % as a result of pozzolanic activity [13]. The 80 

pozzolanic reaction is a reaction of amorphous phase in supplementary cementitious 81 

material with calcium hydroxide to form silicate or aluminate gelatinous products. The 82 

pozzolanic activity of sludge ash is highly related to its chemical composition, 83 

especially for amorphous and crystalline phases, depending on various factors such as 84 

sludge source, treatment additives and calcination process. Generally, finer ash shows 85 

a higher pozzolanic activity [20,23]. Recent studies confirm that potential pozzolanic 86 

activity of sewage sludge can be activated by thermal treatment whether mono-87 

incineration or co-incineration with other solid wastes [10,24-25].  88 

As reviewed in current literature, sludge ash used in the study was almost obtained 89 

from local waste incineration plants indicating that sludge ash was calcined at a certain 90 

temperature. As well-known, different calcination treatments will result in a variety of 91 

physical and chemical properties of sludge ash. Despites the satisfying results of the 92 

sludge ash -blended matrix, there is still more information need to be established about 93 

influence of calcination process including calcination temperature and cooling method 94 

on the physicochemical characteristics and pozzolanic activity of sewage sludge ash. 95 

On the other hand, sludge ash studied in previous research consist of high Ca content 96 

(10% 40%) which is related to the use of low-cost lime dehydrant in the wastewater 97 

treatment [11]. With the development of sewage treatment technology, some inorganic 98 

macromolecular compounds such as polymeric aluminum/iron chloride are widely 99 

applied in wastewater flocculation process. The application of aluminum-based 100 

flocculant in wastewater treatment results in a large amount of Al-rich sewage sludge 101 

with low calcium content. The change in chemical composition of sludge ash will make 102 

a significant effect on hydration of Portland cement when the ash is used as a 103 

supplementary cementitious material. However, little literature has focused on this 104 

point so far. 105 
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 5 

Based on above respect, this paper aimed to study the influence of calcination 106 

temperature and cooling technique on physicochemical properties of Al-rich sewage 107 

sludge ash. The pozzolanic activity and effect of calcined sludge ash on hydration of 108 

Portland cement were also investigated. Firstly, eight samples of sewage sludge were 109 

calcined at a temperature from 600 ℃ to 900 ℃ with cooling method of air and water. 110 

The physicochemical property of calcined products was characterized by X-ray 111 

diffraction, particle size distribution, BET surface area and scanning electron 112 

microscopy. Pozzolanic activity of sludge ash was determined in terms of strength 113 

activity index of mortar and calcium hydroxide consumption test. Finally, the feasibility 114 

of Al-rich sludge ash used as supplementary cementitious material in cement paste were 115 

investigated including cement hydration, phase assemblage and pore microstructure of 116 

cementitious matrix. The results of this research provided an alternative for recycling 117 

of Al-rich sewage sludge by given calcination process. 118 

 119 

2 Materials and methods 120 

2.1 Materials 121 

Sewage sludge used in this study was collected from West City Sewage Treatment 122 

Plant in Changsha. A polymeric aluminum chloride (AlCl3) flocculant is used in 123 

wastewater treatment process resulting in a high content of aluminum (17.92 %) and a 124 

low calcium content (2 %) in sewage sludge. The sludge was oven dried at 105℃ for 125 

24 h before calcination. P.I 42.5 Portland cement, commercial fly ash and analytical 126 

reagent calcium hydroxide were used in this study. A polycarboxylate superplasticizer 127 

with a solid content of 40 % was used to adjust the workability of blended slurry. Table 128 

1 presents the chemical compositions and physical properties of raw materials.  129 

 130 

Table 1  131 

Chemical compositions and physical properties of raw materials 132 

Oxide 
Chemical analysis (% by mass) 

Sludge Cement Fly ash 
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 6 

SiO2 36.43 18.07 52.70 

CaO 2.00 62.86 3.70 

Al2O3 17.92 4.04 25.80 

Fe2O3 7.61 3.41 9.70 

MgO 0.98 1.68 1.20 

Na2O 0.15 0.21 0.11 

K2O 2.41 0.661 0.03 

P2O5 4.60 0.24 -- 

SO3 1.37 3.43 0.20 

TiO2 0.76 0.32 -- 

ZnO 0.12 -- -- 

CuO 0.03 -- -- 

MnO 0.35 0.23 -- 

LOI 44.70 1.88 4.70 

Density 

(g/cm3) 

2.8 3.2 2.2 

 133 

2.2 Methods 134 

2.2.1 Sewage sludge calcination 135 

The dried sewage sludge was calcined at 600 ℃, 700 ℃, 800 ℃ and 900 ℃ for 6 136 

hours in high-temperature resistance furnace. Six-hour of calcination time was used to 137 

guarantee sludge fragments being calcined fully and evenly. After calcination, one part 138 

of calcined sludge was removed out of furnace in fume hood to be cooled by air and 139 

another part was immediately immersed into cold water. The quenching techniques can 140 

result in more reactive amorphous phase in ash compared to natural cooling method. 141 

The sewage sludge ash calcined at 600 ℃ and cooled by air was named S6-AC while 142 

S7-WC means the sample calcined at 700℃ and cooled by water. The water-cooled 143 

sludge ash was dried again at 105℃ for 24h. Finally, all samples were milled in crusher 144 

for 3min to pass them through a sieve with 150 μm (#100) for later experiment (see 145 

Fig.1). 146 
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 147 

Fig. 1. The calcination process of sewage sludge ash. 148 

 149 

2.2.2 Characterization methods 150 

The chemical composition of sewage sludge ash is obtained by X-ray fluorescence 151 

(XRF) using a Bruker S4 Pioneer spectrometer. The mineralogical compositions of ash 152 

and blended cement samples are identified by X-ray diffraction (XRD) using a Bruker 153 

D8 Advance diffractometer with a 5°-65° (2θ) range and 2°/min rate. The amorphous 154 

phase content in ash is quantified by XRD-Rietveld analysis method with 20% ZnO as 155 

internal standard material in mixed sample.  156 

Particle size distribution of ash is measured by laser particle scanning analyzer. 157 

The specific surface area is determined by BET nitrogen adsorption method. The 158 

density is determined by a pycnometer with kerosene as a medium. The water 159 

absorption is measured using tea-bag method. Scanning electron microscopy (SEM) is 160 

used to observe the morphology of materials with 20.0 kV anode voltage. 161 

 162 

2.2.3 Evaluation of SSA pozzolanic activity 163 

Three tests, including Frattini test, strength activity index test and calcium 164 

hydroxide consumption test are applied to evaluate pozzolanic activity of sludge ash.  165 

 166 

Strength activity index (SAI) test 167 

The SAI test is an indirect but practical method for evaluating pozzolanic activity 168 

of supplementary cementitious material [26-28]. According to ASTM C618-05, a 169 
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 8 

mortar containing 20% pozzolan and 80% cement requires a minimum of 75% of the 170 

28-day compressive strength of a reference mortar with only cement. In order to present 171 

pozzolanic activity obviously in this study, 30 wt% cement was replaced by sludge ash 172 

in test mortars (GB/T 1596-2017). The same water/binder ratio (1:2) and sand/binder 173 

(3:1) was used for all mortars. 174 

 175 

Frattini test 176 

Frattini test is conducted by determining the concentration of calcium hydroxide 177 

(CH) in aqueous solution containing 30% test pozzolan and 70% cement by weight. 178 

The pozzolanic activity of pozzolan is qualified with a lower concentration of calcium 179 

hydroxide than the saturation concentration under the same alkalinity. Test samples 180 

consisted of 14 g cement, 6 g sludge ash and 100mL boiled deionized water. After 181 

mixed fully, the slurries were sealed in a plastic bottle and placed in water bath at 40 ℃ 182 

for 8 days. The solution in bottle was then vacuum filtered immediately and cooled to 183 

ambient temperature in a sealed bottle. The filtrate was analyzed for [OH
-
] and [Ca2+] 184 

by titration with 0.1 M HCl solution and 0.015 M EDTA solution, respectively. The 185 

results were plotted with the concentration of [OH
-
] as the X-axis and [Ca2+] as the Y-186 

axis. Solubility curve of calcium hydroxide at 40 ℃ was plotted in the same figure as 187 

calibration line. The test point below the calibration line indicated a pozzolanic reaction 188 

of sludge ash with calcium hydroxide. 189 

 190 

Calcium hydroxide consumption test 191 

Calcium hydroxide (CH) consumption test is designed for quantitative analysis of 192 

the products and rate of pozzolanic reaction since Frattini test only identifies the 193 

pozzolanic activity of sludge ash qualitatively. The mixtures were prepared with a 194 

sludge ash: CH : water ratio of 1:1:2 by weight. The samples were placed in water bath 195 

at 40 ℃ until test ages. The types and quantity of hydration products were analyzed by 196 

XRD-Rietveld method. Calcium hydroxide consumption at different test ages was 197 

determined by thermogravimetric analysis. 198 

 199 
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3 Results and discussion 200 

3.1 Characterization of sewage sludge ash 201 

Table 2  202 

Chemical and physical property of sewage sludge ash 203 

Sample S6-AC S6-WC S7-AC S7-WC S8-AC S8-WC S9-AC S9-WC 

                       Chemical analysis (% by mass) 

SiO2 44.71 44.76 45.59 45.51 45.95 46.33 46.27 46.12 

CaO 2.12 2.10 2.10 2.07 2.08 2.13 2.19 2.16 

Al2O3 25.55 25.5 25.71 25.83 25.52 25.61 25.01 25.12 

Fe2O3 8.33 8.29 8.41 8.33 8.46 8.34 8.48 8.33 

MgO 1.46 1.50 1.45 1.49 1.51 1.54 1.56 1.57 

Na2O 0.19 0.19 0.22 0.22 0.28 0.28 0.29 0.29 

K2O 2.86 2.85 2.87 2.88 2.83 2.86 2.84 2.83 

P2O5 5.90 5.91 5.98 6.00 5.93 5.97 5.75 5.71 

SO3 0.92 0.88 0.71 0.81 0.42 0.45 0.12 0.12 

TiO2 0.82 0.79 0.80 0.81 0.80 0.81 0.81 0.81 

ZnO 0.13 0.13 0.13 0.13 0.14 0.13 0.13 0.13 

MnO 0.36 0.36 0.36 0.37 0.35 0.36 0.35 0.35 

Amorphous phase 27.25 23.00 33.87 28.50 46.87 43.00 41.50 39.75 

LOI (%) 6.01 6.06 2.86 3.47 1.59 1.74 0.78 0.92 

                         Physical characteristics 

Density (g/cm3) 2.618 2.626 2.641 2.660 2.709 2.747 2.778 2.809 

D50 (μm) 4.22 4.20 6.68 6.53 8.02 7.34 10.16 9.54 

BET surface area (m2/g) 23.286 22.123 20.558 20.516 14.516 13.910 6.849 6.805 

Water absorption (g/g) 2.22 2.16 2.01 1.96 1.83 1.79 1.65 1.55 

 204 

Table 2 presents the chemical composition and physical property of sewage sludge 205 

ash produced from different calcination process. The oxide content of sludge ash was 206 

increased within a narrow range due to the decomposition of organics during 207 

calcination process. There was a minor variation within 2% in the proportion of oxides 208 

such as SiO2, Al2O3, Fe2O3 and CaO of sludge ash treated by different calcination 209 

process. The content of Al2O3 in ash was around 25% while the CaO content was only 210 
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2%. As compared to cement and fly ash, sludge ash comprised a small number of P2O5 211 

(about 5%) as a result of organic matter in sewage sludge. It is well-known that 212 

pozzolanic activity of supplementary cementitious material is attributed to its siliceous 213 

or siliceous-aluminous materials in amorphous phase [6]. As shown in Table 2, the 214 

content of amorphous phase in ash increased with calcining temperature from 600 ℃ 215 

to 800 ℃ while a decline appeared when the temperature rose to 900 ℃. This value 216 

reached a maximum with 46.87 % at 800 ℃ which was regarded as the optimal 217 

calcination temperature. Furthermore, the air-cooled ashes had higher content of 218 

amorphous material than the ashes cooled by water. It could be explained that a small 219 

amount of amorphous phase was dissolved in cooling water which also caused a second 220 

water pollution. In the opinion of energy conservation and environmental protection, 221 

air cooling was a better alternative than water cooling as well. The physical property of 222 

sludge ash such as density and specific surface area was also presented in Table. 2. The 223 

density of ash increased from 2.618 to 2.809 g/cm3 with calcination temperature from 224 

600 ℃ to 900 ℃. While a decrease in BET surface area and water absorption was 225 

obtained with rising temperature. D50 is a median diameter which means that the 226 

amount of particle bigger than this size accounts for 50%. As can been seen in Table 2, 227 

the D50 value of ash increased with increasing temperature.  228 

The SEM images of calcined sludge ash were shown in Fig. 2. As seen in the 229 

images, the particle sizes of S8-AC and S8-WC were greater than that of S6-AC and 230 

S6-WC. It was also observed obviously that the shapes of sludge ash were irregular 231 

with a relatively rough surface. During calcination process, the decomposition of 232 

organic matter in sludge resulted in excessive residual pores in ash leading to high BET 233 

surface area and water absorption. The sintering and melting of ash occurred with 234 

elevated temperature and the open pores of ash particles became closed. Therefore, an 235 

increase in density and particle size of ash while a opposite trend in BET surface area 236 

and water absorption were obtained. It is worth noting that two cooling techniques had 237 

a negligible effect on these physical properties. As can be seen from the results, the 238 

physical and chemical properties of ash are highly associated with organic matter 239 

pyrolysis, mineral decomposition and crystal transformation during the calcination 240 
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process. 241 

 242 

Fig. 2. SEM images of sludge ash calcined at 600 ℃ and 800 ℃. 243 
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Fig. 3. The X-ray diffraction patterns of sewage sludge and calcined ash. 246 
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The mineralogical composition of sludge ash was identified by XRD and 247 

presented in Fig. 3. Muscovite, quartz, kaolinite and dolomite were main minerals in 248 

sewage sludge. During calcination process, kaolinite [Al2(Si2O5)(OH)4] undergoes 249 

dehydration and dihydroxylation at the temperature over 500 ℃ [26,29]. Kaolinite is 250 

decomposed into reactive Al2O3 and SiO2 with positive cementitious property [30]. 251 

When calcination temperature rises upon 800 ℃, the thermal decomposition of 252 

muscovite [KAl2(AlSi3O10)(OH)2] happens and additional amorphous siliceous or 253 

siliceous-aluminous phases are generated in this period [31]. This is the reason why the 254 

amorphous phase content of calcined ash increased with calcination temperature. The 255 

specific diffractive peak of mullite was found in the XRD patterns of ash calcined at 256 

900 ℃ while muscovite was disappeared due to the exhaustive pyrolysis under this 257 

temperature. Mullite is a crystalline-well mineral generated from silicate aluminate 258 

under high temperature condition which is an inert component in cementitious materials. 259 

Compared with S8-AC, the formation of mullite caused a decline in amorphous phase 260 

content of the sample S9-WC and S9-AC. Moreover, the decomposition of dolomite 261 

was also observed during calcination process. The transformations of mineral phases in 262 

sewage sludge ash during the calcination process are shown as follows: 263 

Al2(Si2O5)(OH)4 → Al2O3·2SiO2 + 2H2O                   (1) 264 

KAl2(AlSi3O10)(OH)2 + SiO2 → KAlSi3O8 + Al2SiO5 + H2O     (2) 265 

CaMg(CO3)2 → CaO + MgO + 2CO2                              (3) 266 

In order to investigate the source of reactive matter participating in pozzolanic 267 

reaction of sludge ash, the concentrations of main elements in ash such as Al, Si, P, Fe 268 

and Mg were determined as sludge ash was dissolved in alkaline solution. The alkaline 269 

solution was composed of 0.6 M NaOH and saturated Ca(OH)2 solution for simulating 270 

the pore solution of cement paste. The results were shown in Fig. 4. The dissolved 271 

concentration was an amount of the element dissolved from 1 g sludge ash. As can been 272 

seen in Fig. 4, the dissolved concentration of Fe and Mg was around 0.181.20 mg/g 273 

which had little effect on aqueous composition of cement paste. The dissolved 274 

concentration of Al and P decreased with elevated calcination temperature while the Si 275 

concentration was on the contrary. The crystal structure of minerals containing Al and 276 
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Si phase can be changed during calcination process. The higher calcination temperature 277 

reduced the defective sites of Al phase crystal resulting in a decrease of Al activity [32]. 278 

The decomposition of muscovite at high temperature contributed to an increase of Si 279 

concentration.  280 
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Fig. 4. The dissolved concentration of main elements in sludge ash calcined at different 282 

temperature. 283 

 284 

3.2 Pozzolanic activity of sludge ash  285 

 286 

Table 3 Compressive strength (MPa) and strength activity index (%) of sludge ash-modified mortars  287 

Sample 

3 days  28 days  90 days 

CS SAI  CS SAI  CS SAI 

PC 24.53 100.00  39.27  100.00   47.43  100.00  

FA 14.63 59.65  27.20  69.27   33.80  71.26  

S6-AC -- --  19.87  50.59   26.60  56.08  

S6-WC -- --  19.47  49.58   25.23  53.20  

S7-AC 3.80  15.49  28.47  72.50   36.73  77.44  

S7-WC 2.70  11.01  26.70  67.99   35.77  75.42  
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S8-AC 18.33  74.72  34.57  88.03   45.10  95.05  

S8-WC 19.13  77.99  32.33  82.34   43.96  92.68  

S9-AC 20.57  83.83  33.80  86.08   43.83  92.41 

S9-WC 17.90  72.96  32.03  81.58   43.57  91.86  

The strength activity index (SAI) test results of mortars containing 30% sludge 288 

ash calcined at different temperatures were shown in Table 3. The PC sample with 100% 289 

Portland cement was used as control group in the test and FA was prepared with 30% 290 

fly ash. At early age, the significant retardation effect of S6 sludge ash on cement 291 

hydration led to undetectable compressive strength of mortars at 3 days. The mortars 292 

composed of S7 ash also had a low compressive strength. Generally, a material with 293 

75 % of SAI at 28 days is regarded as a standard pozzolan. The 28-day SAI of blended 294 

mortars with sludge ash calcined at 800 ℃ and 900 ℃ were over 80 % and the 295 

maximum SAI was up to 88.03% for S8-AC sample. The SAI of FA was only 69.27 % 296 

which was lower than standard value. Therefore, sludge ash calcined at 800 ℃ and 900 ℃ 297 

could be classified as high-activity pozzolan. The SAI increased with the curing age of 298 

mortar for all samples and the SAI of S8-AC sample reached a maximum of 95.05 % 299 

at age of 90 days. However, a slight reduction in pozzolanic activity of sludge ash 300 

calcined at 900 °C was caused by the mineral recrystallization from amorphous to 301 

crystalline phase such as mullite. The pozzolanic activity of sludge ash was attributed 302 

to amorphous siliceous and aluminous materials transformed by some minerals during 303 

calcination process. The high SAI results assure enough mechanical performance of 304 

building materials produced with partial substitution of cement by sludge ash.  305 
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Fig. 5. Frattini test results for blended cement containing 30% of sludge ash 307 

Frattini test results for blended paste with 30% cement replaced by different sludge 308 

ash were shown in Fig. 5. The test points of S6-AC, S6-WC and FA were located upon 309 

the solubility isotherm of Ca(OH)2 where was assumed as no-pozzolanic area. Thus, 310 

the sludge ash calcined at 600 ℃ was incompetent for pozzolanic material. For S7-AC 311 

and S7-WC, the test results were located near the calibration line which implied the 312 

samples had low pozzolanic activity. When the calcination temperature rose up to 800 ℃ 313 

and 900 ℃, the location of [CaO] and [OH¯] for test samples were far below Ca(OH)2 314 

solubility isotherm, indicating the pozzolanic reaction consumed Ca2+ and OH ¯ 315 

released from cement hydration. The sludge ash calcined at 800 ℃ and 900 ℃ could 316 

be considered as high active pozzolan which was consistent with the SAI test results. 317 
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Fig. 6. XRD patterns of mixtures with (a) different sludge ash at age of 28 days, (b) S8 ash at 321 

various age and (c) the hydrates evolution with curing age (Mu- muscovite, Hc-322 
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hemicarboaluminate, Mc-monocarboaluminate, A-H2AlP3O10·H2O, Ml-mullite, K1-katoite of 323 

Ca3Al2(OH)12, K2-katoite of Ca3Al2(SiO4)(OH)8, P-portlandite). 324 

Calcium hydroxide consumption test was conducted to investigate the phase 325 

assemblage in pozzolanic reaction of sludge ash and XRD patterns of hydrates in the 326 

sludge ash- CH mixtures were shown in Fig. 6. The XRD patterns presented the 327 

characteristic peak of monocarboaluminate [3CaO·Al2O3·CaCO3·11H2O] for all 328 

samples with different sludge ash. The diffraction peak of hydrogen aluminum 329 

phosphate hydrate [H2AlP3O10·H2O] was also observed for the mixtures with sludge 330 

ash calcined at 600 ℃ and 700 ℃. The formation of H2AlP3O10·H2O was a result of 331 

the reaction of aluminum ion with the soluble phosphates in sludge ash. The dissolved 332 

Al from S6 and S7 ash reacted with portlandite to form katoite [Ca3Al2(OH)12]. For the 333 

samples with S8-AC/WC, the content of hemicarboaluminate 334 

[4CaO·Al2O3·(CO3)0.5·12H2O] increased with a decrease in monocarboaluminate 335 

content. The Si-bearing katoite [Ca3Al2(SiO4)(OH)8] was also generated with the 336 

participation of [SiO4] introduced from sludge ash. The mount of katoite was declined 337 

with calcination temperature attributing to the decrease of Al dissolved degree in sludge 338 

ash. The diffraction peak of katoite disappeared in the mixtures with S9-AC/WC. The 339 

phase evolution of hydration products in the mixture with curing age was shown in Fig. 340 

6 (b). Monocarboaluminate was found at the initial age and it content increased with 341 

hydration time. At age of 1 d, the transformation of monocarboaluminate into 342 

hemicarboaluminate was identified with a decrease of monocarboaluminate content. 343 

Furthermore, the hydration products like C-S-H gel are usually identified as amorphous 344 

phase. The amount of hydration phase was quantified using XRD-Rietveld refinement 345 

and TG analysis, as given in Fig. 6 (c). The content of quartz and muscovite varied 346 

slightly with curing age due to the inert nature. The reactive aluminium and silicon 347 

phase of sludge ash was dissolved in solution and reacted with portlandite. Katoite was 348 

produced from a reaction of Ca2+ with [Al (OH)4]
- and [SiO4]

4– in the solution. At age 349 

of 28 day, the content of katoite was determined around 7.4 %. Furthermore, the amount 350 

of amorphous phase increased with curing age from 37.6 % at initial time to 52.1 % at 351 

28 days. In contrast, the content of portlandite was consumed by 24.4 %. It should be 352 
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noted that the rate of portlandite consumption was fast with 0.4 % per hour during the 353 

first 24 hour while the portlandite consumption was measured only 10.3 % and 4.4 % 354 

in the next 6 days and 21days, respectively. Thus, it can be seen the pozzolanic reaction 355 

of sludge ash was carried out at early hydration age and contributed to a strength activity 356 

index over 80 % at seven days. 357 

 358 

3.3 Effect of SSA on cement hydration 359 

3.3.1 Hydration heat evolution  360 
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Fig. 7. The (a) hydration heat flow and (b) cumulative heat of cement pastes (normalized to the 363 

amount of cement). 364 
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 365 

The hydration exothermic evolution of cement pastes blend with 20 % sludge ash 366 

were measured by isothermal calorimetry and the hydration heat rate and cumulative 367 

heat of mixtures were illustrated in Fig. 7. A significant difference was found in the 368 

curves of pastes with the addition of different sludge ash. For the pastes with S8 and S9 369 

ash, the results showed a similar change of hydration heat to the reference PC (100% 370 

cement). The peak value of two pastes was 2.60 mW/g and 2.81 mW/g which was 371 

comparable to that of PC paste (2.85 mW/g). As can be seen in Fig. 7 (a), the induction 372 

period was delayed by sludge ash of S8 and S9 about 68 hours corresponding to a 373 

retardation of alite (C3S) hydration. Interestingly, a second mild exothermic peak 374 

occurred at 40 h 60 h in the S8 paste which was attributed to the pozzolanic reaction 375 

of sludge ash. However, the addition of S6 and S7 ash had a significant inhibition effect 376 

on cement hydration. For the S6 paste, the first exothermic peak emerged early at 4 h 377 

of hydration with a peak value of 1.28mW/g. After 10 hours, a very low heat release 378 

rate was maintained until the end of hydration heat test. The first peak of the S7 paste 379 

appeared at around 18.7 h of hydration and then the heat release rate decreased quickly 380 

in the next 2 hours. As shown in Fig. 7 (b), the initial hydration heat was increased with 381 

the addition of sludge ash. In the first 10 hour, the S6 paste presented the highest 382 

hydration heat, but it was increased stagnantly later for a long time. After 60 h of 383 

hydration, the cumulative hydration heat of S8 and S9 paste exceeded that of PC paste 384 

as an existence of pozzolanic reaction. 385 

The retarding effect of sludge ash can be explained by the dissolution of reactive 386 

aluminum and phosphorus in ash. The content of soluble Al and P was highest in S6 387 

ash (see Fig. 4). The addition of Al dissolved from sludge ash promoted the reaction of 388 

aluminate and sulfate to produce ettringite and Al-bearing hydration products. 389 

Aluminum ions were covalently bound to the surface of C3S in the form of 390 

aluminosilicate products rather than physical adsorption [33]. Thus, the formation of 391 

additional hydrates increased the initial hydration heat of cement and inhibited the 392 

hydration reaction of C3S. The similar retard effect is observed in the study of Al-rich 393 

supplementary cementitious materials [34]. Furthermore, the existence of phosphate 394 
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anions dissolved from ash also delay the cement hydration [35-36]. Even though the 395 

induction period of cement hydration was delayed by S8 and S9 ash, the subsequent 396 

pozzolanic reaction of amorphous phases in ash with portlandite contributed to more 397 

hydration heat compared with the reference. 398 

 399 

3.3.2 Hydration phases assemblage 400 

 401 
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Fig. 8. XRD patterns of cement paste blended with sludge ash curing at 28 days (Ett- ettringite, 403 

Ms- monosulfoaluminate, Mc-monocarboaluminate, K-katoite, P-portlandite, Q-quartz) 404 

 405 

Fig. 8 showed the XRD patterns of cement pastes blended with sludge ash at the 406 

curing age of 28 days. The diffraction peak of ettringite was discerned in the XRD 407 

pattern of PC, S8 and S9 paste. As compared with PC paste, the monosulfoaluminate 408 

and katoite phase were observed in the pastes with sludge ash and the S6 paste owned 409 

the highest peak value of monosulfoaluminate. In the cement paste, ettringite was 410 

generated from the reaction of Ca, Al and SO4
2- and the transformation of ettringite into 411 

monosulfoaluminate occurred as gypsum was depleted. For the S6 and S7 paste, the 412 

additional Al from sludge ash accelerated the consumption of gypsum and promoted 413 

the transformation of monosulfoaluminate. Thus, the ettringite was not identified in 414 

these two pastes. In addition, monocarboaluminate was converted from ettringite as 415 
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carbonate-bearing monosulfate phase resulting from the presentence of aluminum [37]. 416 

However, phosphate hydrates such as brushite, whitlockite or hydroxyapatite were not 417 

presented in this study due to low content of phosphate in sludge ash.  418 

3.3.3 Microstructure of blended paste  419 

 420 

Fig. 9. SEM micrographs of cement pastes blended with sludge ash. 421 

 422 

The SEM images of cement pastes with 20% sludge ash were presented in Fig. 9. 423 

In PC paste, portlandite with good crystallinity were layered together to form a dense 424 

structure and the C-S-H gel formed from cement hydration was interspersed with the 425 

needle-shaped ettringite. With the addition of sludge ash, more discernible pores were 426 

observed in cement pastes resulting in a loose microstructure. These pores not filled by 427 

S6 

S8 

PC 

Ms 

C-S-H 

Portlandite 

Ms 

Vermicular  

C-S-H 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 22 

hydration products would have an adverse effect on the mechanical performance of 428 

cement paste. The monocarboaluminate phase with hexagonal sheet-shaped crystal 429 

were identified in the S6 and S8 paste. The SEM images of S8 paste showed the 430 

formation of short rod-like and vermicular C-S-H gel since the introduce of additional 431 

Si and Al from sludge ash decreased the Ca/Si ratio of gel. However, the C-S-H gel 432 

with diverse morphology cannot be discerned as the hydrate of cement hydration or 433 

pozzolanic reaction of sludge ash. The effect of sludge ash on the calcium silicate 434 

hydrate gel including element composition and morphology need to be further 435 

investigated. 436 
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Fig. 10. Pore size distributions of cement pastes measured by BET method. 439 
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The pores structures of cement pastes were determined by the BET nitrogen 440 

adsorption method [38-39] and the test results were showed in Fig. 10. An increase in 441 

the pore volume was recognized in cement pastes with the incorporation of different 442 

sludge ash. It can be explained by the porous characteristics of sludge ash which was 443 

derived from the decomposition of organic matter in sludge during calcination process. 444 

Furthermore, the variety in type and structure of hydration products at the presence of 445 

ash resulted in more pores in paste structure as can be seen in SEM images as well. It 446 

is worth mentioning that the amount of pore over 50 nm in the blended pastes was 447 

reduced gradually in comparison to the control. This test result could indicate that the 448 

large pores of cement paste might be partially or totally filled by the addition hydration 449 

products from pozzolanic reaction of sludge ash. The test results of pores structure are 450 

consistent with the SAI results and further confirm the occurrence of sludge ash 451 

pozzolanic activity which is beneficial to strength development.  452 

 453 

3.4 Leaching behavior of mortars with sludge ash 454 

 455 

Table 4  456 

Leaching concentrations of mortars using the TCLP. 457 

Sample 

Concentration of heavy metals (mg/L) 

As Cd Cr Cu Ni Pb Zn 

Sludge 0.03 0.02 0.02 0.22 0.55 0.01 7.30 

S6 0.56 0.006 0.14 0.24 0.20 0.07 4.30 

S7 0.46 0.005 0.05 0.25 0.11 0.04 3.00 

S8 0.38 0.002 0.01 0.16 0.04 0.02 0.31 

S9 0.42 0.003 0.02 0.18 0.047 0.02 0.19 

M6 0.001 ND 0.38 0.006 0.002 ND 0.004 

M7 0.003 ND 0.37 0.005 0.005 0.004 0.004 

M8 0.004 ND 0.33 0.001 0.004 ND 0.001 

M9 0.003 ND 0.35 ND ND ND ND 

FA 0.002 ND 0.11 0.002 ND ND ND 
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PC ND ND 0.32 0.003 ND 0.005 0.001 

TCLP Regulatory 

Limit 
5 1 5 15 25 5 25 

ND: not detected; S6S9-sludge ash; M6M9-mortar blended with 30% sludge ash. 458 

 459 

Heavy metal pollutants such as Cr  and Pb in sewage sludge is a significant 460 

concern when it is used in construction materials [40-42]. In order to ensure the security 461 

of sludge ash utilization, toxic characteristic leaching procedure (TCLP) was adopted 462 

to determine the leaching concentrations of raw sewage sludge, sludge ash and mortars 463 

blended with sludge ash. The TCLP test result as shown in Table 4 indicated that the 464 

leaching concentrations of heavy metals for all samples were far below the regulatory 465 

limit. In sewage sludge, the concentration of Zn was higher than other minor 466 

components. The direct utilization of sewage sludge may introduce contaminants to the 467 

finished products and cause the secondary environmental pollution. After the 468 

pretreatment of the incineration process, most of organic matter in raw sludge was 469 

decomposed and the leaching concentrations of heavy metals was declined with the 470 

elevated calcination temperature. The glassy and crystalline products generated from 471 

the sintering process could incorporate metal ions into the amorphous network and 472 

crystal structure resulting in the immobilization of heavy metals [43-44]. The mortars 473 

with 30 % sludge ash showed lower leaching levels compared to sludge ash except for 474 

Cr element which might come from the cement. In cement paste, the heavy metals could 475 

be embedded into the structure of hydration products or react with other ions to form 476 

precipitates [45]. Furthermore, the dense structure of cement paste prevents the 477 

leaching behavior of heavy metals. In conclusion, the immobilization of heavy metals 478 

in calcination process and cement paste guarantee the security about the future 479 

utilization of sludge ash in construction materials. 480 

4 Conclusion 481 

Based on the test results and analysis in this study, the conclusions are drawn as 482 

follows: 483 

(1) The main oxides of Al-rich sludge ash were SiO2, Al2O3, Fe2O3 and a small 484 
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amount of CaO. The BET specific surface area and water absorption of calcined ash 485 

decreased with elevated calcination temperature while the change of density was on the 486 

contrary. The content of amorphous phase generated from mineral decomposition 487 

increased with calcination temperature. The higher calcination temperature reduced the 488 

activity of Al phase resulting in a low dissolution degree of Al. The cooling techniques 489 

had negligible effect on physicochemical properties of sludge ash and air cooling was 490 

optimal in consideration of energy conservation and environmental protection. 491 

(2) The pozzolanic activity of sludge ash calcined at 800 ℃ and 900 ℃ was 492 

confirmed by Frattini test and SAI test. The mortar blended with S8 ash presented the 493 

greatest strength activity index as a result of the high content of amorphous phase in 494 

ash. The reaction of sludge ash with calcium hydroxide was primarily carried out at 495 

early age and the main hydration products were katoite, monocarboaluminate and 496 

hemicarboaluminate. 497 

(3) The addition of sludge ash accelerated the formation of ettringite and 498 

monosulfate phase resulting in a high initial hydration heat. However, the high Al 499 

concentration dissolved from S6 and S7 delayed significantly the cement hydration, 500 

especially for C3S, leading to incompetent compressive strength of mortars. Despite the 501 

delayed induction period of cement hydration by S8 and S9 ash, the subsequent 502 

pozzolanic reaction of sludge ash produced more hydration heat and additional products 503 

which filled into the pores and compacted the structure of paste contributing to the 504 

strength development of mortars. 505 

(4) The leaching concentrations of heavy metals in mortars blended with sludge 506 

ash were far below the regulatory limit. The heavy metals in sewage sludge can be 507 

immobilized in ash structure during calcination process and the dense structure of 508 

cement paste provided a second barrier for leaching behavior of heavy metals.  509 
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Highlights 

 Physicochemical properties and pozzolanic activity of sludge ashes were investigated. 

 The sludge ash calcined at 800℃ presented high pozzolanic activity. 

 Sludge ash addition enhanced the formation of Al-bearing hydrates.  

 No leaching risk was detected for the use of sludge ash in building material.  
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