
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



1 

 

Effect of back mixing on thin-layer drying characteristics of sewage 1 

sludge by the appropriate foaming pretreatment 2 

Lijun Zhao, 
ab

 Zhaohui Yang, 
*ab

 Jing Huang, 
ab

 Jingwu Yan,
 ab

 and Rui Xu 
ab

 3 

Abstract 4 

A creative combination of foaming and back mixing was made in our work. Back mixing was 5 

simulated by adding the dried and foamed sludge (DFS) to the raw sludge. Different ratios of (DFS+ 6 

CaO), DFS
 
shape and the dosing sequence were investigated on the influence of sludge foamability and 7 

drying efficiency. Experimental results indicated that back mixing has positive effects on the sludge 8 

foaming and the sludge foam stability. CaO is still dominant in the sludge foaming. The best adding 9 

ratio is (10gDFS+10gCaO) for 1kg of fresh sludge, with an optimal dosing sequence of first CaO 10 

followed by DFS after 5 min. Additionally, the foam-mat drying for dewatered sludge is not greatly 11 

subjected to the DFS shape. During the foam-mat drying, the higher drying rate appears at the higher 12 

foam density (>0.70 g/cm
3
). The foamed sludge of 0.80 g/cm

3
 has the fastest drying speed at 30℃ 13 

while the best drying density is 0.90 g/cm3 at 50℃. And the drying rates of foamed sludge were higher 14 

with the temperature increased from 30℃ to 50℃. Besides, the mathematical modelling results 15 

demonstrated that the Logistic model is the most adequate model in describing the whole convective 16 

drying of thin layer sludge under the best drying density both at 30℃ and at 50℃. 17 
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Nowadays, sewage treatment causes a significant increase of annual sewage sludge production with the 21 

rapid urbanization and the stringent environmental regulations.
1
 Because of its high water 22 

content(generally over 70–80%),2 sludge management has become a severe challenge for its final 23 

treatment and disposal. Generally, sludge drying is an essential step to further reduce the water content 24 

of the dewatered sludge. 25 

It is well known that thermal drying is a common and mature method to eliminate water in sewage 26 

sludge by delivering energy to the system.
3
 Compared with thermal drying, lime drying is also widely 27 

applied due to simple operation, low cost, and mostly odor-free.3-5 Besides, solar drying, 6,7  bio-drying 28 

8,9 
and fry-drying

10
 also have been paid more attention by many researchers in recent decades. 29 

Nonetheless, there are still some limitations of these drying processes, such as large energy 30 

consumption, expensive facilities 
5
 and longer average time-consumption. 

11,12
 So, innovative drying 31 

methods of sewage sludge need to be further developed. 32 

Foam-mat drying shows promise as an effective and novel technology to realize the fast drying of the 33 

dewatered sludge. Currently, this process has been popular and successful, especially in food industries. 34 

13-15
 Liquid or semi-liquid is mechanically whipped to form stable foams with open structure and large 35 

surface area, aimed to facilitate moisture evaporation and the moisture movement of capillarity in the 36 

liquid films.
16

 Foam-mat drying process is characterized as lower drying temperatures and shorter 37 

drying times, especially for sticky and viscous materials. 17 As the dewatered sludge is highly viscous 38 

and sticky, the joint use of foaming pretreatment and thermal drying seems to be a new routine to 39 

reinforce the drying rate of dewatered sludge. In this way, our previous studies have found that proper 40 

amounts of CaO could make the dewatered sludge foamed by stirring; the optimal dosage of CaO is 41 

2.0wt% relative to the total weight of dewatered sludge in wet basis.
17,18

 However, there are still two 42 
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inevitable problems. On one hand, the dosage of CaO is practically larger during this foaming process. 43 

On the other hand, the reuse of subsequent DFS appears to be the main priority. DFS is pathogen-free, 44 

easily compressed and greatly saves the calorific value of sludge after foam-mat drying. 45 

To the best of our knowledge, back mixing is a common and important process for the sludge drying, 46 

which is mainly used to improve the initial sludge texture structure through backflow of dried 47 

material.
19

 The sludge texture reinforcement leads to an increase of sludge-bed porosity,
20

 thus 48 

exhibiting a significant influence on the sludge drying. Leonard 
20

 et al. revealed that back mixing plays 49 

a positive role on the drying kinetics of sewage sludge through an enhancement of the area available 50 

for heat and mass transfer. It was also found that back mixing of dried sludge can improve the mixing 51 

effect of the paddle dryer to effectively alleviate the unfavorable effect of lumpy phase. 
21

 Moreover, 52 

the solid particles in the sludge foam system improved the foam stability, because the particles could 53 

bridge gas bubbles in close contact, and increased the viscosity of sludge. 
22

 Thus, based on these above, 54 

a creative combination of foaming and back mixing was a feasible option, to further study the effect of 55 

back mixing on foaming and drying of dewatered sludge. At the same time, this process also declines 56 

the dosage of CaO. In addition, mathematical modelling of thin layer drying is essential for optimum 57 

management of operating parameters and prediction of performance of the drying system. 
23

  58 

The objective of this paper was to focus on investigating effects of different parameters on foamability 59 

and drying efficiency of dewatered sludge, including different ratios of DFS and CaO, DFS shape and 60 

dosing sequence. And different temperatures (30℃, 50℃) were selected to analyze its effect on the 61 

sludge drying efficiency. Meanwhile, several thin-layer drying models were also employed to simulate 62 

the whole convective drying of dewatered sewage under the optimal conditions, so as to provide more 63 

convenience and detailed information for the practical application of this method.  64 
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2. Materials and methods 65 

2.1. Materials 66 

Fresh sludge was collected after mechanically dewatering with cationic polymeric flocculants as 67 

conditioner from a local wastewater treatment plant (WWTP) in Changsha, China. There, approximate 68 

150, 000 m
3 

of wastewater is treated on a daily basis though an Anoxic-Anaerobic-Carrousel process. 69 

The main characteristics of the dewatered sludge are listed in Table 1. Considering the organic 70 

constituents, the dewatered sludge must be stored at 4℃ before each experiment, and corresponding 71 

experiments should be completed in a relatively short time. 72 

The initial amount of dewatered sludge used was 1kg in every experiment. By the sole feeding of 20g 73 

CaO, the dewatered sludge was mechanically whipped to form the foamed sludge. DFS was attained 74 

through drying the foamed sludge at 0.70g/cm³ to constant weight at 105 ℃. Then two types of dried 75 

sludge (DS) were prepared, respectively called A and B. A, powdered DFS (PDFS), was obtained 76 

though gridding DFS into fine powder (FP) and filtering it from a mesh sieve at the size of 60 items. B, 77 

lumpish DFS (LDFS), was a product in a random shape without any physical and chemical treatment of 78 

DFS. Meanwhile, all other reagents used were analytical reagent, and the experimental water was 79 

ultrapure water(UPW). 80 

2.2. Sludge foaming 81 

The foam formation was conducted by whipping the dewatered sludge with the adding ratios of DFS 82 

and CaO using a cement mortar mixer (JJ-5, JIANYI, China) at 140±5 rpm. And the different sludge 83 

densities were obtained by controlling the whipping time. Sludge density was determined by the mean 84 

ratio of measured weight using one conical measuring cylinder with the full-loaded water weight of 85 

206.6 g. In this process, the sludge transferring must be more careful to avoid destroying the foam 86 
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structure and to ensure that there were no voids while filling the foamed sludge into the conical 87 

measuring cylinders.  88 

Back mixing was simulated by adding the increasing quantities of DFS to the fresh sludge. DFS was 89 

regarded as a substitute for some of CaO, but the total mass of DFS and CaO was constant, namely 20g. 90 

Different adding ratios were designed as fellows: 0gDFS+20gCaO, 5gDFS+15gCaO, 91 

7.5gDFS+12.5gCaO, 10gDFS+10gCaO, 12.5gDFS+7.5gCaO, 15gDFS+5gCaO, 20gDFS+0gCaO. 92 

According to the observation of the density changes, the foaming speed of dewatered sludge were 93 

analyzed and compared regarding the different adding ratios of DFS and CaO. Then the optimum 94 

adding ratio was established through the foaming speed. Then, under the optimal mixing ratio, effects 95 

of the DFS shape and the dosing sequence were also studied on sludge foaming and drying 96 

characteristics. 97 

2.3. Drying characteristics of foamed sludge  98 

Drying of foamed sludge were performed in the drying oven (150L) with the air temperatures of 30°C 99 

and 50 °C, the relative humidity of 20% and superficial air velocity of 0.2 m/s. Prior to each test, the 100 

drying oven was thermally stabilized by passing hot air at pre-set temperature for 30 min. In the drying 101 

process, every 10.00 g sludge sample was poured in the Petri dish (60 mm diameter and 12 mm height) 102 

and the thicknesses of the sludge foam mat were subjected to their density. Moisture loss from the 103 

samples with the time interval of 20 min was determined by weighting the dish outside the drying oven 104 

using an electronic balance (±0.01). Meanwhile, the moisture content(MC) of sludge was determined 105 

by the mass loss after drying at 105℃ to constant weight. During the drying procedure, the moisture 106 

content of the samples was calculated according to its initial value and the mass loss in every interval. 107 

For analyzing the influence of back mixing on the foam-mat drying characteristics of the sludge, the 108 
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drying curves and the drying rate curves were built to evaluate the evaporation rate at any given 109 

moisture content on dry basis.  110 

In our experiments, the optimum adding ratio was chosen from the above-mentioned ones to further 111 

study the drying behavior of the foamed sludge. The adding ratio of 0gDFS+20gCaO, was used as the 112 

control group. Meanwhile, various densities of foamed sludge also affected its drying. 0.70g/cm
3
 was 113 

chosen as a key density, given that the foamed sludge at 0.70g/cm³ have the best drying performance by 114 

the addition of 20g CaO.
18

  Also considering economic benefit and easy operation, three foam 115 

densities were studied, including 0.70g/cm3, 0.80g/cm3, 0.90g/cm3. Herein, the fresh sludge was taken 116 

as a reference. Otherwise, the influence of drying temperature on the sludge drying was also studied. 117 

2.4. Preparation and characterization of the sludge suspension 118 

Preparation of the sludge suspension was made by blending the foamed sludge with distilled water in 119 

the mass ratio of 1:2 and mechanically stirring for 240 min. Then the supernatant was obtained by 120 

separating the sludge suspension at the rotational speed of 10000 rpm for 10 min in the centrifuge 121 

(Allegra 25R, Beckman Coulter, USA). Properties of the sludge suspension were mainly represented by 122 

determining the nature of the supernatant, including pH, surface tension and the protein content. 123 

Surface tension and pH of the sludge suspension samples were measured by surface tensiometer 124 

(JZ-200A, Chengde, Chinese) and pH-meter (PB-10, Sartorius, Germany), respectively. Then the 125 

supernatant obtained was further filtered through the mixed cellulose esters membrane with 0.22 µm 126 

micropores to separate any residual biomass, eliminating the disturbance to the protein determination. 127 

Protein content was determined by the Coomassie Brilliant Blue (CBB) method with bovine serum 128 

albumin (BSA) as standard. 129 

2.5. Mathematical modelling of drying curves 130 
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The moisture content values obtained from the drying experiments were converted into the moisture 131 

ratio (MR). The dimensionless MR was calculated using Eq. (1): 132 

MR	 = 	
���	��

�	���

                            (1) 133 

where 
� , 
� and 

 are the moisture content at a given time, equilibrium moisture content and the 134 

initial moisture content, respectively. The values of Me are relatively little compared to those of 
�  or 135 



, the error involved in the simplification is negligible, 24 thus moisture ratio was calculated as: 136 

                	MR	 = 	
��

�	

                               (2) 137 

Experimental results of moisture ratio versus drying time were fitted to five different drying kinetics 138 

models, using nonlinear regression through Origin Pro10.0 software. The coefficient of correlation (γ) 139 

was a primary criterion for selecting the best equation and mean squared deviation (χ
2
) were used to 140 

determine suitability of the fit.  141 

3. Results and discussion 142 

3.1. Effect of addition ratios on sludge foam density and stability 143 

3.1.1. Sludge foam density 144 

Generally, the foamability can be evaluated through the measurement of the foam density. During 145 

mechanical blending, more air entered into the foam to form lower foam density with the stirring time 146 

increased. Effects of stirring time and the adding ratio (DFS+ CaO) on the sludge foam density are 147 

illustrated in Fig 1. 148 

As the stirring time increased, the sludge density began to decline. However, its variation trend was 149 

different with the adding ratios of (DFS+ CaO). It was observed that when adding ratios were 20g 150 

DFS+ 0gCaO and 15gDFS+ 5gCaO, the sludge density first briefly declined to around 0.95 g/cm
3 

and 151 

0.97 g/cm
3
 in 20min respectively, then continued to rise even beyond the initial density of fresh sludge. 152 
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The succedent increase in foam density may be mainly attributed to an increase of the viscosity of the 153 

mixture due to excess DFS, which possibly exceeds the limiting value so as to prevent the entry of 154 

more air. However, once adding the increasing doses of CaO, the sludge foamability can be also 155 

strengthened to different degrees. This implied that CaO may be dominating in the admixture of CaO 156 

and DFS during the sludge foaming.  157 

As shown in Fig1, for the control group (0gDFS+20gCaO), the sludge indeed has a better foamability. 158 

The final density of sludge could be declined to about 0.55 g/cm
3
 after 140min. Yet, compared with the 159 

control group, the sludge foamability weakened at the adding ratio of 12.5gDFS+7.5gCaO. The sludge 160 

density only reached 0.75 g/cm
3
 after 140min and the foaming speed also obviously slowed down. 161 

However, it was amazing that the dewatered sludge could significantly foam in the case of these ratios, 162 

including10gDFS+10gCaO, 7.5gDFS+12.5gCaO and 5gDFS+15gCaO. After 140min the lowest foam 163 

density decreased to 0.36, 0.27, 0.24 g/cm
3
, respectively. What’s more, the foaming speed tended to be 164 

faster than that of the control group. As the best drying density of the control group, 18 0.70 g/cm3 was 165 

chosen as a key discussion point, aiming at easily highlighting positive effect of back mixing on 166 

foaming by comparison. By analyzing the experimental data, it was found that the sludge density can 167 

almost reach 0.70 g/cm
3
 after about 40 minutes. Compared with the control group, the stirring time 168 

required to achieving the density of 0.70 g/cm
3
 would be shortened by around 42%. This suggested that 169 

a proper amount of backmixed DFS exerts a positive effect on sludge foaming. Besides, it was also 170 

observed that the foaming speed is a little faster than that of other two ratios when the adding ratio is 171 

10gDFS+10gCaO. Considering the economic and energy consumption, the adding ratio of 172 

(10gDFS+10gCaO) was chosen as the optimal addition ratio in conclusion. 173 

3.1.2. Sludge foam stability 174 
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During foam-mat drying process, the key factor lies in the generation of stable foam, which could not 175 

collapse during feeding and deposition in the drying system. Foam stability is usually evaluated by 176 

measurement of density variation over a specified time. Practically, foams that do not collapse for least 177 

one hour are considered stable.
25

 178 

According to our experimental results, the stability of foamed sludge in different initial densities was 179 

studied by determining the variations of density every 4h in this paper. As shown in Fig.2, the densities 180 

of sludge foam at different initial densities, i.e. 0.90, 0.80, 0.70 g/cm
3
, had few variations after standing 181 

48h for different adding ratios (DFS+ CaO). This phenomenon suggested that the sludge foam was 182 

stable enough for foam-mat drying under different densities. It is generally acknowledged that the solid 183 

particles can be considered as a stabilizer to help stabilize the foam. 
22,26

 Thus , back mixing of DFS 184 

may play a positive role on the sludge foam stability so as to gain a better sludge foamability. 185 

3.2. Effect of dosing sequence and DFS shape 186 

Effect of dosing sequence of DFS and CaO on the sludge foaming and the drying rate was illustrated in 187 

Fig.3. In preliminary experiments repeated, it was found that the dewatered sludge is foamed after 188 

about 5 min only when adding CaO. Hence, 5 minutes were chosen as a critical point for different 189 

dosing sequences. Although the sludge is all foamed well under the different dosing sequences, the 190 

foaming speed takes on some differences in Fig.3 (a). When CaO was first added before stirring, the 191 

foaming speed of sludge tended to be faster. This phenomenon demonstrated that CaO is a key 192 

constituent in the admixture of CaO and DFS during the sludge foaming. Furthermore, in the case of 193 

the dosing sequence of CaO, then DFS after 5min, the foaming speed was the fastest. By this token, a 194 

proper amount of DFS has positive effects on the sludge foaming with CaO and may play an important 195 

role in foam stabilization as a stabilizer due to the solid particles.  196 
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In order to further throw light upon the effect of dosing sequence, the influence on the drying rate for 197 

the sludge foam was also investigated. 50℃ was chosen as the drying temperature. The result showed 198 

that different dosing sequences have a great effect on the drying rate for the foamed sludge at different 199 

densities. Combined Fig.3 (b) with Fig.3 (d), it can be found that when CaO was added before stirring, 200 

the optimal drying rate both appeared at the higher foam density, namely 0.80 g/cm
3
 or 0.90 g/cm

3
, no 201 

matter when DFS was added. However, the drying rate for the foam sludge at 0.70 g/cm
3
 was 202 

abnormally lower than that of the control group. This finding may result from the subsequent increase 203 

of the viscosity with the increase of the stirring time. Besides, when DFS was added prior to CaO, the 204 

drying rate for the sludge foam at 0.70 g/cm
3
, 0.80 g/cm

3
, 0.90 g/cm

3 
was faster than that of the control 205 

group, which is similar with the previous experiment result.
 17,18

 The fastest drying speed for the sludge 206 

foam still appeared at the higher foam density, i.e. 0.90 g/cm
3
. To sum up, first CaO and then DFS after 207 

5min, was considered as the best dosing sequence in terms of the fastest foaming speed and the best 208 

drying density. 209 

In addition to the dosing sequence, DFS shape also affects the sludge foaming and the drying rates, as 210 

shown in Fig.4. Comparatively, there was no significant difference in sludge foaming in Fig.4 (a), 211 

regardless of LDFS or PDFS. However, as the LDFS was added, the fastest drying rate of sludge foam 212 

was at the lowest foam density (0.70 g/cm
3
) in Fig.4 (b). This almost stays the same as the previous 213 

conclusion with direct addition of 20g CaO. Yet, the LDFS is still the priority due to easy operation in 214 

the practical application, although the foaming time required to attain the best drying density seems to 215 

be a little longer than that by adding the PDFS. That is to say, the foam-mat drying for dewatered 216 

sludge is not greatly dependent on the DFS shape. 217 

3.3. Drying characteristics of foamed sludge  218 
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3.3.1. Drying curve 219 

The influences of adding ratio (DFS+ CaO), foam density and drying temperature on the drying 220 

characteristics of sludge foam-mats were studied. Fig.5(a)-(d) describes the drying curves of foamed 221 

sludge at the different initial densities and drying temperatures by the foaming pretreatment using the 222 

admixture of (10gDFS+10gCaO) and solely feeding of 20g CaO. From Fig.5(a) and Fig.5(b), it can be 223 

seen that when the foamed sludge was dried at 30℃, their moisture content ,averaging 5.29 gH2O/gDS 224 

at the beginning, was sharply reduced to 1.04, 1.03 and 2.09 gH2O/gDS for the initial foam densities of 225 

0.90, 0.80 and 0.70 g/cm3 after drying for 440 min, respectively. Comparatively, foamed sludge at 0.80 226 

g/cm
3
 has the fastest drying speed during the back mixing operation of DFS. However, the moisture 227 

content of foamed sludge at 0.90 g/cm
3
 was reduced the fastest at 50℃. These outcomes are not in 228 

agreement with the previous experimental result that lower density (0.70 g/cm
3
) foam is available for 229 

the easier and faster diffusion of water to shorten the drying time by direct addition of 20g CaO, 230 

illustrated in Fig.5 (c) and Fig.5 (d). This phenomenon is possibly due to the fact that DFS adsorbed at 231 

the surface of sludge can increase the porous structure of the sludge foam and the viscosity of foamed 232 

sludge in the meantime, thus hindering more air into the sludge. 233 

Besides, from Fig.5 (a)-(d), it is clear that the drying temperature appears to be an important parameter 234 

influencing the process time and moisture content of the dewatered sludge. As the drying temperature 235 

increased to 50℃, sludge foams at the different densities almost reached the drying equilibrium after 236 

440min. And the drying time required for reducing their moisture content to about 1.0 gH2O/gDS was 237 

approximately 180 min, shorter by approximately 60% than that at 30℃ . Overall, the higher 238 

temperature results in a shorter drying time. 239 

3.3.2. Drying rate curve 240 
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Presented in Fig.6 (a)-(d), thermal drying of each sludge sample comprised of a heat up period at the 241 

early stage of drying and then the falling rate stage. A short constant rate period disappeared because of 242 

the added DFS. This is entirely consistent with the conclusion observed by Leonard 20 et al. And 243 

thin-layer drying of foamed sludge took place primarily in the falling rate period for both temperatures. 244 

In the heat up period, the drying rates rapidly increased to the peak value as the moisture content of 245 

foamed sludge decreased from the initial moisture content to approximately 5.0 gH2O/gDS, 4.5 246 

gH2O/gDS, respectively in 30℃ and 50℃. Thereafter, the drying rates decreased with decreasing 247 

moisture content, signaling the beginning of the falling rate period. The falling rate period could be 248 

divided into two stages according to the change in the drying rate curves. The loss of free water occurs 249 

in the first falling rate stage. 
14

 Otherwise, the variation range of the moisture content is different from 250 

the drying temperature in this stage. The moisture content ranges from 4.5 gH2O/gDS to 1.0 gH2O/gDS 251 

in 50℃ while it declines from 5.0 gH2O/gDS to the value below 1.0 gH2O/gDS in 30℃. At moisture 252 

contents below 1.0 gH2O/gDS, a decrease in drying rate was sharper, indicating that the drying was in 253 

the second falling rate stage. Afterwards, the very low drying rate occurred in the second falling rate 254 

stage, probably because smaller amounts of free water is available 
14

 and the crust phenomenon is 255 

formed on the surface of the sludge. 
27

 256 

The densities of foamed sludge also play an important role on the internal mass transfer rates. For both 257 

temperatures(30℃‚50℃), the foamed sludge of 0.80 g/cm3 has the fastest drying speed at 30℃ while 258 

the best drying density is 0.90 g/cm
3
 at 50℃. The reason may be that the added DFS enhances the 259 

skeleton-built role of CaO and improves the void space, which is helpful for the diffusion of water, thus 260 

shortening the drying time. Except for the foam density, the drying temperature also affects the drying 261 

rates. The drying rates of foamed sludge were higher when the sludge drying was performed at higher 262 
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drying temperature as can be seen in Fig.6(a)–(d).  263 

3.4. Properties analysis of foamed sludge 264 

As shown in Fig.7, compared with the raw dewatered sludge, the initial moisture content of sludge 265 

foam under various densities usually fell by about 2%-3% when adding DFS and CaO at the mass ratio 266 

of (10gDFS+10gCaO). This is mainly dependent on the lime hydration reaction and the interaction 267 

between DFS and water within the sludge. And added CaO and DFS can create a strong alkaline 268 

environment and sludge can be solubilized to release the inner water held inside floc and cell structure. 269 

Meanwhile, the alkaline environment can accelerate sludge hydrolysis and release sludge inner organic 270 

matters. 
28

 As the density was below 0.90 g/cm
3
, pH of the sludge foam was beyond 12. Under this 271 

higher pH, protein content of the sludge foam is over 6 times higher than that of raw dewatered sludge. 272 

Previously, many researchers have pointed out that protein may play an important role on sludge 273 

foaming. 
18,29

 This explains why the admixture of DFS and CaO can make the sludge foaming.  274 

Besides, alkaline environment can reduce the surface tension and obtain the surface activity. 30 Low 275 

surface tension is essential for both foam formation and stability, which makes the foam easier to form 276 

and maintain large interfacial area. According to Fig.7, the surface tension of sludge foam at 0.90 g/cm
3
, 277 

0.80 g/cm
3
, 0.70 g/cm

3
, was 65.77mN/m, 67.30mN/m and 63.60mN/m, respectively. Compared to the 278 

raw sludge, the reduction in the surface tension of the foamed sludge at 0.90 g/cm
3
, 0.80 g/cm

3
, 0.70 279 

g/cm3 was 14.10%, 12.11% and 16.94%, respectively. From these above-mentioned results, there was 280 

no significant difference for the surface tension of the sludge foam at three different densities. This may 281 

imply that surface tension lowering is necessary, but not sufficient. 
18 

                                                                                                                              282 

3.5. Modelling of drying curves 283 

The regression analysis was done for the five thin-layer drying models relating the drying time and 284 
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moisture ratio for the given temperature (30 ºC, 50 ºC) at the best drying density, respectively.
31-35

 The 285 

model coefficients are shown in Table 2 with their values for the coefficients of correlation and mean 286 

square of the deviation values. The acceptability of the model is based on the highest value for γ2 and 287 

the lowest for χ
2
. It can be observed from Table 2 that the most appropriate model in describing the 288 

drying kinetics of thin-layer sludge foam was both the Logistic model at 30 ºC and at 50 ºC. When the 289 

drying temperature was 30 ºC and the foam density was 0.80g/cm
3
, the values of γ

2
 and χ

2
 were 290 

0.99906 and 2.04×10
-5

, respectively. For the sludge foam of 0.90 g/cm
3
, as the drying temperature was 291 

50 ºC, the values of γ2 and χ2 were 0.99887 and 1.21×10-4, respectively. 292 

4. Conclusion 293 

As a part of the sludge foam-mat drying process, back mixing has the potential to reduce the amount of 294 

CaO so as to save more energy in the practical application. The result showed that the optimal adding 295 

ratio of DFS to CaO is (10gDFS+10gCaO), which makes the dosage of CaO reduced by 50%. 296 

Moreover, a proper amount of DFS used for back mixing has positive effects on the sludge foaming 297 

and the sludge foam stability. The best dosing sequence is that of CaO, then DFS after 5min. CaO is 298 

still dominant in the sludge foaming during the back mixing operation. Furthermore, foaming and the  299 

foam-mat drying for dewatered sludge is not greatly dependent on the DFS shape. During the foaming 300 

progress, CaO and DFS can create a strong alkaline environment (pH>12) through the interaction with 301 

the inner water of dewatered sludge. Under this condition the protein content increases by over 6 times 302 

higher than that of raw dewatered sludge and the surface tension declines regardless of a small 303 

amplitude variation. These changes may lead to the sludge foaming. 304 

Thin-layer drying of foamed sludge took place primarily in the falling rate period for both temperatures 305 

(30℃, 50℃). During the foam-mat drying, with the temperature increasing, the best drying rate 306 
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appears at the higher foam density. The sludge foam of 0.80 g/cm3 has the fastest drying speed at 30℃ 307 

while the best drying density is 0.90 g/cm
3
 at 50℃. Besides, the drying rates of foamed sludge are 308 

higher when the sludge drying is performed at higher drying temperatures. 309 

Among the five models investigated in this study, the Logistic model is the best-fit model for the 310 

intermittent drying of thin- layer sludge foam under the best drying density both at 30℃ and at 50℃ 311 

as it produces the highest correlation coefficient(γ
2
) and lowest the statistical indicators chi-square(χ

2
). 312 
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All figures in my paper are shown as follows:  

 

 
Fig.1. Effect of stirring time and adding ratios (DFS+ CaO) on the sludge foam density. (Dosing 

sequence: synchronous addition of DFS and CaO before stirring; DFS shape: PDFS) 

 

  

  

Fig.2. Variation of sludge foam density over time at the different initial densities under the different 

adding ratios(DFS+ CaO). (Dosing sequence: synchronous addition of DFS and CaO before stirring; 

DFS shape: PDFS) 
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Fig.3-(a) Effect of different dosing sequences on the sludge foam density; 

(b)- (d) Effect of different dosing sequences on the drying rate of sludge foam at the different densities 

(The mass ratio of DFS to CaO is 10gDFS+10gCaO; DFS shape: PDFS; Drying temperature:50℃) 

 

 

Fig.4- (a) Effect of DFS shape on the sludge foam density; 

(b) Effect of DFS shape on the drying rate of sludge foam at the different densities. (The mass ratio of 

DFS to CaO is 10gDFS+10gCaO; Dosing sequence: CaO, then DFS after 5min; Drying 

temperature:50℃) 
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Fig.5. Drying curves of sludge foam mats at different addition ratios (DFS: CaO) and drying 

temperatures:(a) 10gDFS+10gCaO , 30℃; (b) 10gDFS+10gCaO, 50℃; (c)20gCaO, 30℃; (d) 20gCaO, 

50℃. (1.02 g/cm3 was the density of dewatered sludge without foaming process; 0.90 g/cm3, 0.80 

g/cm
3
and 0.70 g/cm

3
 were the densities of foamed sludge). 
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Fig.6. Relationship between drying rate and drying time of sludge foam-mats at different addition ratios 

and drying temperatures:(a)10gDFS+10gCaO,30℃;(b)10gDFS+10gCaO,50℃;(c)20gCaO,30℃; (d) 

20gCaO,50℃. (1.02 g/cm3
 was the density of dewatered sludge without foaming process; 0.90 g/cm

3
, 

0.80 g/cm
3
 and 0.70 g/cm

3
 were the densities of foamed sludge) 

 

 
Fig.7. Effects of back mixing on the protein content, surface tension and pH of the solvent phase of 

sludge suspension and the initial moisture content of the sludge foam at the different densities. (The 

mass ratio of DFS to CaO is 10gDFS+10gCaO; DFS shape: PDFS; Dosing sequence: CaO, then DFS 

after 5min) 
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All tables in my paper are shown as follows: 

 

Table 1 The characteristics of the dewatered sludge 

Dewatered sludge  Solvent phase of sludge suspension 

Moisture content (Wet basis %) 86+1  pH 7.81 

Volatile solid (Dry basis %) 54.2  Surface tension (mN/m) 70.5 

Density(g/cm3) 1.02  Protein (mg/L) 51.33 

 

 

Table 2 Parameters specific to each model (30 ºC, 0.80 g/cm
3
; 50ºC, 0.90 g/cm

3
) 

Model name Model Equation Temperature Parameter γ2 χ2 

Logistic31 									� = ��� 	
�� −	��
1 + � ��
�

� 30℃ ��:0.99307   ��:-11.61132 

�
:3307.42178  �:72191 

0.99906 2.04×10-5 

50℃ ��:0.99303   ��:-0.50504 

�
:348.35857   �:00292 

0.99887 1.21×10
-4

 

Asymptotic
32

 � = 	� − ���� 30℃ �:-408.6026   �:9.65556 

�:1 

0.95548 9.72×10
-4

 

50℃ �:-173.55328  �:174.62566 

�:0.99999 

0.99069 1.00×10
-3

 

Exponential33 �=	�
	 + ������
�� 30℃ �
	:1.1772     �:-0.16987 

�
:0.00272 

0.99747 5.52×10-5 

50℃ �
	:8.78497    �:7.72387 

�
:0.00028 

0.99108 9.60×10
-4

 

Parabola
34

 y = � + �� + ��� 30℃ �:0.997664   	�:-2.68×10
-4

 

�:-1.38169×10-6 

0.99905 2.04×10
-5

 

50℃ �:1.05984    	�:-2.15×10-3  

�:-3.57×10
-7

 

0.99112 9.56×10
-4

 

Two-parameter 

Exponential
35

 

y = ��� 30℃ �:1.06476     �:0.99887 0.91905 1.77×10
-3

 

50℃ �:1.17087     �:0.99612 0.91612 9.02×10-3 

 

Page 21 of 21 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


