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ABSTRACT: This work concerns the influence of hydro-
thermal (HT) pretreatment on sludge drying performance.
Sludge was dried in an air duct dryer at a temperature of 30.4 ±
0.4 °C with a constant air velocity of 1.34 ± 0.04 m/s and a
relative humidity of about 56%. Drying rate curves, defined as
the mass flux (kg/(m2 h)) versus the dry basis moisture content
(kg/kg), showed that the drying process mainly took place in
the falling rate period. HT pretreatment can improve drying
speed and shorten drying time. Six classical semi-theoretical
drying models, including Lewis, Page, Logarithmic, Henderson and Pabis, Wang and Singh, and Approximation of Diffusion,
were evaluated to represent the experimental results in terms of the coefficient of determination (R2), reduced chi-square (χ2),
and root means square error (ERMS). The Approximation of Diffusion model was the best one to reproduce the experimental data
with R2 close to 1, χ2 around 0.00001−0.00005, and ERMS of 0.00371−0.00686. The HT pretreatment changed the model
constants. The expression was MR = 0.4868 exp(−0.0036τ) + 0.5132 exp(−0.0014τ) for the untreated sludge and MR = −0.8945
exp(−0.0071τ) + 1.8945 exp(−0.0045τ) for the HT pretreated sludge. The increase in the effective diffusivity accounted for the
improvement in the drying performance.
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■ INTRODUCTION

Paper sludge has been increasing because of the rapid growth in
the pulp and paper industries.1 It is generally composed of
organic fibers (cellulose, hemicellulose, and/or lignin), inorganic
fillers, and coating materials, such as kaolinite, limestone, and
talc.2 Its disposal is becoming a matter of public concern because
of its potential environmental and human health impacts. On the
other hand, the most common disposal method in current
practicelandfillingis becoming more and more difficult to
implement due to rapidly shrinking landfill space, public
opposition to opening new landfill sites, leachate-related issues,
and poor economics.3 The other methods, such as cropland
application and ocean dumping, are no longer feasible because of
their high cost, as well as strict environmental regulations.4

Accordingly, thermal utilization technologies, including
pyrolysis, gasification, and combustion, have become attractive
and been applied widely to extract carbon-neutral energy from
these kinds of biomass wastes.5 However, the sludge has to be
dried first to allow for less transportation cost, easier storage for
the pyrolysis, and gasification.6 Sludge combustion provides a
large volume reduction, toxicity reduction, and heavy metal
control of sludge treatment with energy recovering.7,8 On the
other hand, direct sludge incineration is not acceptable
(especially for developing countries) due to its high cost and
some possible gaseous pollutants caused by unstable burning
resulting from its high moisture content.9 The moisture has

therefore been one main obstacle to sludge utilization and to
some extent determined energy and economic efficiencies.
Consequently, the reduction of water within sludge is the key
issue for efficient sludge treatment, recycling, and disposal.
Mechanical dewatering and thermal drying are two main

methods used to remove water. Practically, mechanical
dewatering is muchmore convenient and economic than thermal
drying. However, after mechanical dewatering, the wet basis
(w.b.) moisture content of sludge was still about 70−80%;
thermal drying seems to be inevitable for sludge thermal
utilization. Significant economic, industrial, and environmental
interests have consequently promoted the development of
sludge drying technologies, including waste heat drying,10 fry
drying,6 solar drying,11 biodrying,12 and hydrothermal (HT)
drying.13 In order to know more about sludge drying
characteristics, scientists focused on the skin layer14 and volume
shrinkage by means of X-ray microtomography15 and crack
formation within the drying process;16,17 they have made great
contributions on developing models to simulate the drying
behavior.
HT treatment is another new approach applicable to sludge,

which was developed to improve sludge mechanical dewater-
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ability.13,14,18 Its energy consumption was only about 30% of that
demanded in the conventional thermal drying process when
reducing the sludge water content from 80% (w.b.) to around
45% (w.b.).9,18 If combining the HT pretreatment with
mechanical dewatering, the water content of sludge could be
reduced to about 45%. At this level, it is possible to realize sludge
self-sustainable combustion. However, to recover energy, the
moisture has to be further reduced, and thermal drying is still
required. Many works can be found in the literature dealing with
kinetics and modeling of sludge thermal drying.19−21 Never-
theless, few works focused on the drying behavior of the HT
pretreated sludge. In the other words, no data on the drying
behavior of this product is available for the engineering design.
Even though some of them reported the natural drying behavior
of the HT pretreated sludge, the conclusion is still worth
discussing because the samples were not prepared under the
same conditions as in these studies. Moreover, in order to lower
the operating cost, both the dewatering and drying performance
are vital for the design and optimization of the commercial plant.
Thus, it is necessary to investigate the drying performance of the
HT pretreated sludge and to provide some experimental data for
the engineering design of the commercial hydrothermal drying
plant.
The present study aims to (1) investigate the influence of HT

pretreatment on the sludge drying behavior and to find the
optimal operating parameters and (2) fit the experimental drying
data to several thin-layer models widely applied in the literature
and evaluate a suitable drying model for describing the drying
process of the HT pretreated sludge.
The HT pretreated and untreated sludge was dried in an air

duct dryer at a temperature of 30.4± 0.4 °C, constant air velocity
of 1.34 ± 0.04 m/s, and relative humidity of about 56%. All the
samples were prepared under the same conditions, and an
independent variable, drying flux (kg/(m2 h)), was used as the
only index to evaluate the drying performance.

■ EXPERIMENT SETUP AND PROCEDURES
Sample Preparation and Experimental equipment. The sludge

was taken from Thailand. The HT treatment process was conducted as
follows. The sludge was mixed with pure water (Wako Pure Chemical

Industries, Ltd., Japan), and the mass ratio was 5:1 (100 g sludge:20 g
pure water) to simulate the HT condition. Then the mixture was poured
into a glass tube with a volume of 500 mL. After that, the tube was put
into the reactor, and the reactor was sealed. Subsequently, the argon was
imported into the reactor from a cylinder to create an oxygen-free
circumstance. According to our previous experimental experiences,13

the holding time was fixed as 30 min, and the HT temperature ranged
from 180 to 240 °Cwith an interval of 20 °C. After finishing the reaction,
the electronic heater was turned off, and the residual steam was
discharged and cooled with a water condenser (details are in ref 22).
After the pressure and temperature fell to atmospheric pressure and 100
°C, the products were taken out from the tube and kept in a bottle. The
experiment was repeated three times, and the products were mixed. At
last, the products were dehydrated for 15 min by a self-made dewatering
machine (as introduced in ref 9), and the dewatered product with a
diameter of 40.00 mm was used to conduct the drying experiment.

The drying experiments were carried out in a wind tunnel as shown in
Figure 1. The dryer is composed of a blower, heater, wind tunnel, tray
made of wire meshes, and some measurement instruments. The air was
sucked by the blower and heated to the target temperature of 30.4 ± 0.4
°C by an electronic heater. The air velocity was controlled by a
revolution speed regulator and kept at 1.34 ± 0.04 m/s all the time. The
drying started after the target condition was steady for about 1 h. During
the drying process, the sample weight was continuously measured by an
electronic balance ASP-4100 (AS-one, Japan) and registered in a
computer with .XLS format every 6 min. It stopped after the sample
weight was kept constant for 2 h. This weight was recorded as the
equilibrium mass, which was expressed as meq (g) to calculate the
equilibrium moisture content Meq (kg/kg).

Data Analysis andMathematical Modeling. The dry basis (d.b.)
moisture content (kg/kg) at time τ (Mτ) was calculated using the
equation

=
−

τ
τM

m m
m

( )s

s (1)

whereMτwas the moisture content (d.d.), kg/kg, andmτwas the sample
weight at time τ, g. The ms (g) was the solid weight (final weight) of the
sample, which was obtained by drying the final product in an oven under
about 105 °C for 12 h.

The mass flux (kg/(m2 h)) during each drying process was expressed
as

τ
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d
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Figure 1. Schematic diagram of the convective drying equipment.

Table 1. Mathematical Models Used for Predicting Drying Behavior

model name expression references

Lewis MR = exp(−kτ) 18,19
Page MR = exp(−kτn) 20
Logarithmic MR =a exp(−kτ) + c 19
Henderson and Pabis MR =a exp(−kτ) 21
Wang and Singh MR = 1 + aτ + bτ2 19,25
Approximation of Diffusion MR = a exp(−kτ) + (1 − a) exp(−kbτ) 26
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which was calculated by importing these .XLS files into the Origin 8.6
(Originlab, America). A (m2) was the drying airflow surface area of the
sample; dm/dτ was the weight loss rate of the sample (g/min).
The drying curve was obtained by plotting the mass flux ṁ versus with

the moisture content Mτ (d.b). It was used to evaluate the influence of
the HT pretreatment on the drying behavior.
Semi-theoretical models often offer a compromise between theory

and ease of use, which is valid within the temperature, relative humidity,
air velocity, and moisture content range for which they were developed.
Semi-theoretical models are generally derived by simplifying general
series solution of Fick’s second law or modification of simplified
models.23 Among these models, the Lewis model, Page model,
Logarithmic model, Henderson and Pabis model, Wang and Singh
model, and Approximation of Diffusion model are used frequently
(Table 1). The Henderson and Pabis model is the first term of a general
series solution of Fick’s second law. The Lewis model is a special case of
the Henderson and Pabis model. The Page model is modification of the
Lewis model to overcome its shortcomings. TheWang and Singh model
is an empirical model, which was directly derived from the relationship
between average moisture content and drying time.23 The Logarithmic
equation assumed the resist to water diffusion occurs in the outer layer of
the sample.24

The moisture ratio (MR, dimensionless moisture content) of the
sample was calculated using the following equation

=
−
−

τM
M M

M MR
eq

ini eq (3)

whereMini andMeq are the initial moisture content and the equilibrium
moisture content (d.b., kg/kg), respectively.
The Meq is expressed as

=
−

M
m m

meq
eq s

s (4)

The regression analysis was performed in Origin 8.6 (OriginLab,
U.S.A.). The estimation method was based on the Levenberg−
Marguardt model, and the fittingness of the models was evaluated by
means of the correlation coefficient (R2), reduced chi-square χ2, and
root-mean-square error ERMS. The higher the R

2 value and lower values
of χ2 and ERMS, the better the fitness.

18 The χ2 and ERMS can be expressed
as
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whereMR,exp,i is the ith experimentalMR;MR,pre,i is the ith predictedMR;
N is the number of the experimental data points; and z is the number of
model constant.

■ RESULTS AND DISCUSSION
Influence of HT Pretreatment on Drying Behavior. The

variation of the drying rate with the moisture content (d.b.) is
shown in Figure 2. It shows theMini of the sample kept decreasing
with increasing HT temperature until the temperature reached to
220 °C. As all these samples come from the same procedure, the
difference between the Mini evidently indicated that the HT
pretreatment could improve the sludge dewaterability. In the
case of drying, it mainly happened in the falling rate period, and
its constant drying rate period was very short. The reason is that
most of the free water contained in the sludge has been removed
by mechanical dewatering. The water evaporation rate
consequently depended mainly on the water diffusion speed in
the sample. Under the same moisture content, the drying rate of
the HT pretreated sludge was much higher than that of the

untreated one. At a moisture content of 0.96 kg/kg (d.b), the
drying rate of HT sludge pretreated under the condition of 220
°C and 30 min was twice as much as that of the raw sludge. This
implied that HT pretreatment could improve drying perform-
ance. In our previous studies, Jiang et al.13 and Meng et al.27 also
reported that HT pretreatment could improve the natural drying
performance of sludge.
The difference between the initial and critical moisture content

(moisture of the transition from the constant drying period to the
falling rate period) was very similar for all these samples. The
most plausible reason was that the water evaporating at this stage
was the water on or close to the sample surface. For the HT
sample pretreated at 240 °C and 30 min, no constant drying
period was observed. This could be attributed to the difference
existing in the initial temperature between these samples. It is
possible because the product from HT was kept in a 4 °C
refrigerator, and the variation in time spent on sample
preparations will cause this difference.
Figure 3 shows the appearance of all the samples after drying.

The untreated sludge shrank significantly compared with the HT
pretreated one during the drying process. Its thickness
dramatically decreased from 6 mm to around 3.5 mm. This
was because the HT pretreatment has destroyed the structure of

Figure 2. Influence of HT pretreatment on drying kinetics.

Figure 3. Appearance of the dry sample before and after HT.
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the holocellulose, lignins, and cells present in the paper sludge at
180 °C28 and released the bound water, thus reducing the
shrinkage stress. The difference in the initial moisture content
would also contribute to this shrinkage. However, it could be
neglected if compared with that caused by the HT pretreatment.
This could be verified by comparing the appearance of the HT
sample pretreated at 180 °C with that pretreated under other
conditions because if the volume density of the solid plays the
main role in the shrinkage, significant difference will be also
observed in these samples. The sludge pretreated under 180 °C
shrank more than that pretreated under the other temperatures,
and the color was also a little light. The reason is that there is still
some complex holocellulose was not degraded at 180 °C. The
sludge dewaterability was improved due to the transferring of
bound water into free water. Moreover, without shrinkage, more
pores will be formed along with water evaporation, which would
increase the drying rate and promote the drying process. That
was the reason that the drying flux of HT pretreated sludge was
higher than that of the raw one in the falling rate-drying period.
At the drying rate constant stage, the drying flux of all the samples
was almost the same, indicating that the transferring of bound
water into free water, but not the change of water properties
especially chemical properties, improved the sludge dewater-
ability and drying performance.
Figure 4 shows the moisture content (w.b.) of these samples as

a function of drying time. As expected, the moisture decreased

substantially with extending the drying time. The time required
to reduce the moisture to a certain level was highly shortened by
HT pretreatment. With drying, the time spent on removing the
moisture content from 58% w.b. to 5% w.b. was 1956 min for the
untreated sludge; whereas, the corresponding values were 780,
846, 923, and 1008 min for the HT sludge pretreated under the
holding of 30min and temperatures of 180, 200, 220, and 240 °C,
respectively. The time was reduced by about 60.12%, 56.75%,
52.81%, and 48.47%, respectively. A similar result was also
observed by Sacilik et al.,26 indicating the hot water predipping
Üryani plum saved about one-third of the time. It is evident in all
of the results that the HT pretreatment can highly improve the
sludge dewatering performance, bothmechanical dewatering and
thermal drying.
Models Evaluation. Experimental results of MR variation

with drying time were fitted to some outstanding semi-
theoretical models as shown in Table 1, which were used widely
in the literature to depict the kinetics of the drying process. Table
2 presents the statistical results and estimated constants of the

nonlinear regression analysis of these models. For all the samples,
all the models provided an R2 value higher than 0.99 except the
Wang and Singh model. The highest R2 value and lowest χ2 and
ERMS values were obtained from the Page and Approximation of
Diffusion models, with an R2, χ2, and ERMS values varying
between 0.9984−0.9997, 0.00005−0.00012, and 0.00479−
0.01097, and 0.9994−0.9998, 0.00001−0.00005, and 0.00371−
0.00686, respectively. The most unsuitable was the Wang and
Singh model, especially for the raw sludge and the HT 180 °C
pretreated sludge, with an R2, χ2, and ERMS values of 0.5657,
0.01936, and 0.13892, and 0.4102, 0.02666, and 0.16294,
respectively. This result implies that the water diffusion
properties of the inner the sample, but not the outer layer of
the sample, controlled the drying process.
Observing from Table 2, the model constants of the

Approximation of Diffusion model were very close for all the
HT samples. Therefore, it would be possible to use one universal
model constant to represent the drying characteristics of all the
HT samples. Figure 5 shows an illustration of modeling the HT
pretreated and untreated sludge with the Approximation of
Diffusion model. It clearly indicates that this model can predict
the drying behavior of both the HT pretreated and untreated
sludge. For the model constants of the HT sample, the predicted
value was lower than the experimental data when replacing the
separated model constant from the average value of all the HT
samples. It would be more applicable to adopt the constant from
nonlinear regression analysis of the experimental data of “200 °C
and 30 min” as a universal model constant to predict the drying
behavior of all the HT sludge. Figure 6 compares the
experimental data with those predicted with the Approximation
of Diffusionmodel by using the model constant of “200 °C for 30
min”. It shows that the predicted value was a little low for the
sample pretreated at 220 °C. However, it was still acceptable as
this gap was very small. Thus, the most suitable model to predict
the drying behavior for the raw sludge was MR = 0.4868
exp(−0.0036τ) + 0.5132 exp(−0.0014τ) and MR = −0.8945
exp(−0.0071τ) + 1.8945 exp (−0.0045τ) for the HT sludge.
The HT treatment could destroy the microstructure of sludge

and correspondingly improve the hydrophobicity and reduce the
viscosity of sludge. The shrinkage stress and resistance to water
diffusion were therefore reduced. That was the reason that the
HT sludge has a higher water evaporation rate and negligible
shrinkage compared with those of raw sludge. Some authors have
verified that the HT treatment could decrease sludge
viscosity.29,30 Park et al.31 investigated the effects of hydro-
thermally pretreated sewage sludge on the stability and
dispersibilty of slurry fuel and reported that the HT treatment
improved sludge particle size distribution and stability, affecting
the sludge atomization, transportation, and viscosity. The
hydrophobicity of sludge could be improved because sludge
particles would be carbonized during HT processing.31,32 This
would also result in the improvement of water diffusion
properties inside the HT samples.

Evaluation of Effective Diffusivity of the HT Sample.
Fick’s second diffusion law has been widely applied to interpret
the falling rate period within the drying process. According to
Figure 2, the drying process mainly happened in the falling rate
period. It is possible to analyze it with Fick’s diffusion equation,
which was developed by Crank.33 For slab geometry, if the
sample’s initial moisture is distributed uniformly, its shrinkage is
negligible and its diffusivity is constant. The analytical solution of
Fick’s diffusion equation can be expressed as

Figure 4. Evolution of wet basis moisture content vs time.
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where De is the effective diffusivity, m
2/s; L is the half−thickness

of the slab for dying from two sides, m; and n is a positive integer,
representing the number of terms being taken into consideration.

For a long drying period, MR < 0.6, the expression can be
simplified by considering only the first term as
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Table 2. Constants and Statistical Results from Various Semi-Theoretical Models

model Lewis Page Logarithmic

items constant R2 χ2 ERMS constant R2 χ2 ERMS constant R2 χ2 ERMS

raw k = 0.00211 0.9941 0.00026 0.01628 k = 0.0044 0.9986 0.00006 0.00780 k = 0.0021 0.9966 0.00015 0.01228

n = 0.8852 n = 0.9554

c = 0.0100

180 °C k = 0.00335 0.9921 0.00059 0.02421 k = 0.0011 0.9994 0.00005 0.00680 k = 0.0035 0.9966 0.00025 0.01582

n = 1.1838 n = 1.0761

c = −0.0110
200 °C k = 0.00327 0.9922 0.00062 0.02481 k = 0.0012 0.9997 0.00002 0.00479 k = 0.0032 0.9976 0.00019 0.01384

n = 1.1744 n = 1.0766

c = −0.0282
220 °C k = 0.00348 0.9946 0.00041 0.02015 k = 0.0018 0.9984 0.00012 0.01097 k = 0.0037 0.9979 0.00016 0.01253

n = 1.1176 n = 1.0587

c=-0.0025

240 °C k = 0.00317 0.9969 0.00021 0.01448 k = 0.0018 0.9991 0.00006 0.00775 k = 0.0033 0.9987 0.00009 0.00937

n = 1.0976 n = 1.0477

c = 0.0011

model Henderson and Pabis Wang and Singh Approximation of Diffusion

items constant R2 χ2 ERMS constant R2 χ2 ERMS constant R2 χ2 ERMS

raw k = 0.0020 0.9956 0.00020 0.01405 a = −0.0009 0.5657 0.01936 0.13892 k = 0.0036 0.9996 0.00002 0.00425

n = 0.9541 b = 1.82 × 10−7 a = 0.4868

b = 0.3909

180 °C k = 0.0036 0.9962 0.00028 0.01680 a = −0.0012 0.4102 0.02666 0.16294 k = 0.0101 0.9996 0.00003 0.00540

b = 3.30 × 10−7 a = −0.3961n = 1.0731

b = 0.4165

200 °C k = 0.0035 0.9960 0.00032 0.01780 a = −0.0023 0.9853 0.00117 0.03402 k = 0.0071 0.9998 0.00001 0.00371

b = 1.29 × 10−6 a = −0.8945n = 1.0656

b = 0.6338

220 °C k = 0.0037 0.9979 0.00016 0.01256 a = −0.0026 0.9862 0.00105 0.03223 k = 0.0243 0.9994 0.00005 0.00686

n = 1.0577 b = 1.68 × 10−6 a = −0.1178
b = 0.1591

240 °C k = 0.0033 0.9987 0.00009 0.00938 a = −0.0020 0.9356 0.00436 0.06577 k = 0.0194 0.9996 0.00003 0.00516

b = 9.23 × 10−7 a = −0.1062n = 1.0479

b = 0.1794

Figure 5. Approximation of Diffusion modeling of HT pretreated or
untreated sludge.

Figure 6. Comparison of the actual MR and predicted MR by the
Approximation of Diffusion model.
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Taking a natural logarithm on both sides of this equation and
plotting ln MR versus the drying time τ, the effective diffusivity
can be obtained

π
= −D

kL4
e

2

2 (9)

where k is the slope of the straight line of ln MR versus τ.
Obviously, as indicated in Figure 3, the shrinkage of the raw

sludge is not negligible. Thus, only the effective diffusivity of the
HT sludge was analyzed using the Fick’s second diffusion in this
study. The values were 1.27× 10−9, 1.26× 10−9, 1.71× 10−9 ,and
1.63 × 10−9 m2/s for the sludge with HT pretreated under the
holding time of 30 min and a temperature of 180, 200, 220, and
240 °C, respectively. Compared with that of the raw sludge,
which was (7.42 ± 0.56) × 10−10 m2/s,34 the diffusivity has been
improved almost twice. Moreover, the order of the effective
diffusivity was the same as that of the drying rate of all these
samples. It verified that the drying process was mainly controlled
by the inner diffusion properties.

■ CONCLUSION

This work experimentally investigated the influence of HT
pretreatment on sludge drying kinetics. The main conclusions
are summarized as the following: (1) HT pretreatment can
improve the drying performance of the paper sludge. The
optimal operating condition was a HT temperature of 220 and
holding time of 30 min for a good dewatering performance
within the range studied in this work. (2) The Approximation of
Diffusion model was the best model to predict the sludge drying
behavior. Its predicted values are in good agreement with the
experimental data, with R2 close to 1 and the lowest χ2 and
ERMSvalues. Nevertheless, the model constant depended on the
sludge origin. To predict the drying behavior, the expression for
the raw sludge was MR = 0.4868 exp(−0.0036τ) + 0.5132 exp
(−0.0014τ) and MR = −0.8945 exp(−0.0071τ) + 1.8945 exp
(−0.0045τ) for the HT sludge. (3) The effective diffusivities
were 1.27× 10−9, 1.26× 10−9, 1.71× 10−9, and 1.63× 10−9 m2/s
for the HT sludge pretreated under the holding time of 30 min
and a temperature of 180, 200, 220, and 240 °C, respectively.
This indicated that the drying process was mainly controlled by
the inner diffusion properties, which was improved by HT
pretreatment.
Although these results are a preliminary investigation on the

convective drying behavior of HT pretreated sludge, it is still
important to optimize the design and operation of the HT
dewatering process (both mechanical dewatering and drying).
On the other hand, even if we have experimentally verified that
the HT pretreatment can improve the drying performance,
future works should be carried out by focusing on the impact of
HT pretreatment on the bound energy of water, water
distribution, particle size distribution, porosity, and rheological
properties of sludge in order to fully explore the mechanism.
Also, the effect of other operating parameters, such as the HT
temperature, HT holding time, drying temperature, air velocity,
humidity, and sample thickness, on the drying behaviors will be
studied to reveal how HT pretreatment affects drying behaviors.
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