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Abstract: The brick industry is currently facing a shortage of natural resources. Despite this, the
demand for construction bricks is progressively increasing. Alternative materials, such as dredged
sediments and solid organic waste, have been recently proposed as options to replace natural clay
in brick manufacturing. Potential exploitation of dredged sediments in clay bricks is evaluated in
this study. The chemical composition of the mixtures and the opto-thermal properties of brick sam-
ples, which differed for the dredged sediment content (from 10% to 50% of the clay weight), were
investigated. Chemical analyses detected lower concentrations of heavy metals in bricks incorpo-
rating dredged sediments (DS). Negligible variations in thermal conductivity, thermal diffusivity,
and specific heat were observed by increasing the amount of DS in the mixture. In particular, the
thermal conductivity values ranged between 0.45 + 0.03 W m™! K1 (DS-50) and 0.50 + 0.03 W m™ K™
(DS-30). Conversely, the color shift value and spectral reflectance in the infrared field were found
directly proportional to the concentration of DS. Using dredged sediments as building material
demonstrated to be a solution to the problem of their disposal and the scarcity of raw materials,
reducing the global warming score by up to 2.8%.

Keywords: clay brick; life-cycle assessment; waste management; sustainability

1. Introduction

Bricks have been utilized as principal building materials for centuries. Presently, the
brick industry produces up to 1500 billion bricks per year worldwide, and the production
is expected to rise, considering that almost 90% of bricks (around 1300 billion bricks) are
required from developing countries, which are experiencing an acceleration in urbaniza-
tion at an average rate of 6% per year [1]. Such a large use of clay bricks in construction
industries is causing a scarcity of natural clay reserves. Furthermore, brick production
processes are energy intensive (2.0 kWh per brick) and produce large volumes of waste
and greenhouse gases (0.41 kgCOz-q per brick) [2].

Within this framework, many countries have started limiting the production of
bricks and are looking for different building blocks [3]. A wide variety of alternative and
by-product materials have been proposed to replace natural clay (NC) in manufacturing
bricks with lesser environmental impacts than conventional bricks. Numerous research
studies investigated the potential for using various recycled materials, such as construc-
tion and demolition waste (i.e., brick dust, wood chips, lime, cement) [4,5], organic and
inorganic solid waste (i.e., spent shea waste, waste tea, cigarette butts, gangue) [6-8], ag-
ricultural solid waste (i.e., rice husk, sugarcane bagasse, olive mill waste) [9,10], plastic
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waste (i.e., plastic bottles, straw, polypropylene fibers, crumb rubber) [11-13], and indus-
trial waste (i.e., gold mill tailing, paper production residues) [14,15] to limit the utilization
of NC. This approach aligns with sustainable development and is efficient at protecting
the environment [16,17].

Raw materials, manufacturing processes, and firing temperature are the main param-
eters that control the properties of clay bricks. Thus, implementing brick mixtures that are
enhanced with unconventional materials can alter the characteristics of the manufactured
bricks. In particular, partially substituting NC with organic substances generally allows
reducing the thermal conductivity of bricks [18]. In fact, the added organic matter is com-
busted during firing, leaving voids that contribute to lower bulk density and thermal con-
ductivity, while increasing porosity [19]. Moreover, greater water absorption capacity is
usually observed in low-weight bricks, such as the ones in which degraded municipal
solid waste [20] or cigarette butts [8] are incorporated. However, higher porosity and
lower density might result in deeper cracks and worsened mechanical properties as ob-
served in brick specimens enhanced with glass waste powder [21], fly ashes [22], and olive
mill waste [23].

In this paper, different dosages of dredged sediments (DS) in brick mixtures were
investigated with the aim of partially substituting NC in the brick productive process. A
comparative study was carried out by contrasting bricks made of DS and ordinary bricks
realized in accordance with the Italian Standard UNI 8942:1986. Effects of the percentage
of DS incorporated in the brick mixtures on mineral composition, mass variation, and
moisture content were analyzed. This permitted detecting the presence of heavy metals,
which represents a critical issue when it comes to the reuse of waste or residues, such as
DS. Furthermore, the optical and thermal properties of the final bricks were assessed to
investigate the thermal conductivity, thermal diffusivity, volumetric specific heat, color
pattern, and spectral reflectance.

Considering that several studies already demonstrated worsening in the mechanical
properties of bricks, due to the addition of sediments [24,25], the investigated bricks are
expected to be applied to building facades as cladding instead of being exploited as load-
bearing elements. Therefore, this study focused on the analysis of the opto-thermal prop-
erties of bricks, as well as on the assessment of the environmental impact of the final prod-
uct.

The main research domains covered by this work concern:

i.  The suitability of DS to replace NC in brick manufacturing;

ii. Assessing the opto-thermal properties of brick specimens enhanced with DS against
conventional clay bricks;

iii. The effectiveness of DS addition in reducing the environmental footprint of clay
bricks.

The paper is structured as follows. The Background section outlines the state-of-the-
art on clay bricks enhanced with dredged sediments (Section 2). Materials and Methods
(Section 3) is articulated around five sections, describing the raw materials (Section 3.1),
brick manufacturing (Section 3.2), and the performed analyses (Sections 3.3-3.5). Results
and Discussion (Section 4), present the outcomes referring to the characterization of raw
materials (Section 4.1) and brick mixtures (Section 4.2), before the opto-thermal properties
of brick specimens are evaluated (Section 4.3) and the life-cycle assessment is reported
(Section 4.4). Finally, Conclusions and Future Developments (Section 5) summarizes the
results and the implications of this work.

2. Background

In recent years, there has been a considerable worsening in the conditions of natural
areas. Specifically, increasing touristic flows, and the drastic reduction of national and
local organizations (i.e., National Forest Guard Corps, Mountain Communities) that are
responsible for the maintenance of forests and riverbeds have contributed to this scenario.
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Additionally, the increasing frequencies of extreme events due to ongoing climate change,
such as floods and landslides, have negatively affected the economies and societies of vul-
nerable areas. Within this framework, the GEST-RIVER (Eco-Sustainable Management of
Territories at Risk of Flooding and Economic Valorization of Resources) project aims to
assess standards and regulations on floods, hydrogeological maintenance, and land man-
agement. The core of this project consists of the evaluation of socioeconomic and environ-
mental impacts of hydrogeological instability of a territory to identify best practices and
guidelines for policymakers. In particular, a work package specifically focuses on the re-
covery of biomass residue from maintenance activities, such as DS.

These consist of natural deposits at the bottom of seas, rivers, and lakes. Such a fine
soil is collected from the public waterways during deepening, broadening, and maintain-
ing activities. A significant amount of DS is generated yearly, which is usually polluted
by heavy metals, organic contaminants, and organic matter [26,27]. Consequently, the DS
needs to be adequately handled and disposed of in order to prevent land waste and envi-
ronmental pollution. Thus, the reuse of DS is a priority, and its exploitation as building
material, particularly in brick production, may be an ideal solution to the problem.

The feasibility of using DS in brick manufacturing has already been discussed in nu-
merous research studies. Mesrar et al. [24] investigated the potential use of untreated DS
from land deposits of the Seine estuary for the production of fired bricks. The raw material
was found to be environmentally sustainable, with low levels of metal traces and adequate
mechanical resistance. Haurine et al. [25] demonstrated that mixtures incorporating DS
were characterized by linear drying and firing shrinkage, water absorption, and tensile
rupture properties that matched the usual values of the heavy clay industry. Permeable
bricks of wrap-shell aggregates from DS were prepared in [28]. The effects of process pa-
rameters on the compressive strength and water permeability coefficient were studied.
Slimanou et al. [29] considered using harbor DS in designing new types of bricks to stabi-
lize the behavior of heavy metals by its solidification in the glassy matrix of the bricks
(during the firing) and to recycle waste from the dredged activities (with reduced disposal
issues).

3. Materials and Methods
3.1. Raw Materials

NC and DS were utilized in this work for soft-paste brick production. The NC was
extracted from the quarries located in Bevagna (Italy), and are currently exploited by the
Fornaci Briziarelli Marsciano in their productive chain. On the other hand, the DS were
collected from the terrains surrounding the water stream in Graffignano (Italy), which
flows towards the Tiber River. These consist of waste from the cleaning activities of the
riverbed, which are generally needed during periods characterized by intense precipita-
tion events, when the stream floods. The DS were filtered with a sieve in order to reduce
the content of gravels, plastic waste elements, and organic particles. It is worthy to high-
light that DS were collected during a single dredging campaign. Thus, some changes
might be observed in their properties and their compositions due to the fact that they are
seasonal deposits.

3.2. Brick Production and Heating Procedure

The weight compositions of NC, DS, and water used in the production of soft-paste
bricks are reported in Table 1. Water content was varied with DS due to the higher mois-
ture content observed in DS, when compared to the NC. Components were mixed for
around 15 min and wet paste was deposited in parallelepiped molds of 250 mm length,
125 mm width, and 60 mm height (Figure 1). The brick size was defined in compliance to
the specific National UNI standard. Then, molding pressure was executed at 5 MPa for 3
min until the mixed components completely filled the mold volume. After that, samples
were cured at 288 K for 48 h, then dried for six weeks. In particular, the first step of the
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drying process consisted of a couple of weeks during which the bricks were slowly heated
from the ambient temperature till the temperature value of the drying room (314 K). Then,
the bricks were dried at 314 K for up to four weeks.

A 100 m long furnace was exploited for the firing of the bricks. These were trans-
ported by carriages with a velocity of 5.6:10* m s7, for 48 h. Moving throughout the fur-
nace, the bricks passed through the three main stages of the heating process: the (i) pre-
heating was conducted at 335 K for 16 h; the (ii) sintering stage at 1120 K for 16 h; and (iii)
the gradual cooling until ambient temperature value (288 K) for 16 h. The last step, in
particular, is fundamental to avoid the generation of cracks in the produced bricks.

Table 1. Composition of the soft-paste bricks (quantities are reported in percentage by weight, wt%).

NC DS H:0 NC DS H-0
DS-0 80 - 20 DS-30 65 30 5
DS-10 70 20 10 DS-50 50 50 -

Figure 1. Main steps of brick manufacturing, from the left, preparation of DS and NC mixture, mold-
ing, and curing phase.

3.3. Chemical Characterization

Static thermogravimetric analysis was performed with the Leco TGA701 (LECO Cor-
poration, St. Joseph, Michigan) apparatus in triplicate, in compliance with the ASTM D
5142 protocol [30]. The moisture content, the volatile matter, the amount of ashes, and the
quantity of fixed carbon were determined for each sample and expressed as percentages.
In particular, the amounts referring to volatile matter, ashes, and fixed carbon were also
reported for dry specimens. Only the fixed carbon was not directly measured, but calcu-
lated as the difference between the total weight of the sample and the weight of the other
components (moisture content, volatile matter, and ashes).

Mass change with the temperature of the tested specimens were determined by ther-
mogravimetric analysis. Tests were performed using the same Leco TGA701 apparatus
with a heating rate of 20 K min in air atmosphere, from an ambient temperature of 298
K to 1273 K. Analyses were executed in triplicate and the standard deviation among the
results was used to define the error associated to the mean value.

The qualitative and quantitative analyses of metals contained in the samples were
conducted via the PerkinElmer Inductively Coupled Plasma—-Optical Emission Spectrom-
eter (ICP-OES) Optima 800 instrument (PerkinElmer, Waltham, Massachusetts). From a
heavy metals point of view —there is still no European legislation or recommendation that
imposes a test or limits on the content or leaching of heavy metals in building materials.
However, there are several national legislations, although they use different tests with
different solid-to-liquid ratios, pH, sample types (granular or monolith), or exposure
times. In this study, the limit values defined by the Italian DL 155/06 (Col. A) were con-
sidered when it came to the analysis of raw materials.
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3.4. Opto-Thermal Characterization

The thermal characterization of brick samples was performed through a Hot Disk
TPS 2500S apparatus (Hot Disk AB, Gothenburg, Sweden) and an ATT DM 340SR climatic
chamber (Angelantoni Test Technologies, Massa Martana, Italy) (Figure 2) [31]. In partic-
ular, the climatic chamber permitted conducting the thermal characterization within a
controlled environment whose ambient temperature and relative humidity were kept con-
stant at 293 K and 50%, respectively.

Figure 2. From the left, the climatic chamber apparatus, a detailed view of the hot disk measuring sensor, and an overview
of the four brick specimens that were assessed.

Thermal conductivity, thermal diffusivity, and volumetric specific heat were deter-
mined for the brick specimens by applying the Transient Plane Source (TPS) method,
which is described in the ISO 22007-2:2008 standard. The TPS double spiral behaves as
both a heat source and a dynamic temperature sensor. It was placed between two brick
samples of the same type (same content of DS), and then electrically heated, due to the
Joule’s effect. The heater supplied a specific heating power Po for a time step t. Following
this, thermal conductivity and thermal diffusivity of the bulk material were identified
through the resistance of the sensor, while the volumetric specific heat was calculated
through Equation (1):

A=a-pcp (1)

where A is the thermal conductivity (W m™ K™), «a is the thermal diffusivity (m2s), p is
the density (kg m=), and ¢ is the specific heat of the sample (J K-* kg!). Analyses were
reiterated five times and executed in triplicate in order to define the error associated with
the measured quantities for each brick typology. The standard deviation (o) among the
five reiterated measurements (N = 5) was calculated for the j-th brick sample as:

1 — . — 1
0 = \[E-Z’i"zl(xij — %) +e? with % =~ YiL; x; )

Following this, the error associated with the mean value of the five reiteration out-
comes (Ej) was calculated by considering the nominal error (¢) due to the measuring ap-
paratus.

N
B= e+ of 3)
i=1

The nominal error was considered as high as 3% for thermal conductivity, 5% for
thermal diffusivity, and 7% for specific heat, according to [32]. Finally, the error (E) re-
ferred to the mean value of the outcomes of the three brick samples (M = 3), and was
calculated as follows for each of the DS-0, DS-10, DS-30, and DS-50 specimens:
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The optical characterization of the clay bricks enhanced with DS was carried out by
investigating the spectral reflectance and color shift parameters.

Firstly, the color patterns of the four brick samples were measured using a CR-200
Chroma Meter (Konica Minolta, Tokyo, Japan), setting illuminant Des. The estimated de-
vice-independent CIE xyY coordinates were initially converted into XYZ coordinates, ac-
cording to the following system of linear equations; Equation (5):

x=x-(Y/y)
Y=Y ®)
Z=1-x-y-Y/y

The XYZ coordinates were then converted into RGB (device-dependent) and CIE Lab
(device-independent) color coordinates to generate a virtual color patch and to define the
color shift, due to the increment of the DS percentage in the brick mixtures. The two con-
version processes were executed according to Equations (6) and (7) (easyrgb.com, ac-
cessed on 01/07/2021), respectively.

R 1 3.2406 —1.5372 -0.4986] [X
G| = 100 —0.9689 1.8758 0.0415 |- (6)
B 0.0557 —0.2040 1.0570 Z

(e ()1
{I a=500- (X Yooy Y/yref) @)

(b =200- (Y/Yref Bl Z/Zref)

where Xryis equal to 94.8, Yrsto 100.0, and Zrs to 107.3 (corresponding to daylight condi-
tion).
Finally, the color shift (AC) was calculated as in [33]:

AC = \/(LDS—x — Lps—0)* *+ (aps—x — aps—0)* + (bps—x — bps—o)? (8)

where Lps, apsx, and bosx are the CIE Lab coordinates for the brick sample with the x
standing for the percentage of DS in the mixture (i.e., DS-10, DS-30, and DS-50); and Lbs-o,
aps-o, and bps-o are the CIE Lab coordinates for the reference brick (DS-0).

The AC consists of the geometric distance between the point corresponding to the
color of the reference case and the point from the other brick color, within the CIE Lab
color space. As far as the CIE Lab color space is concerned, it is defined by the L-axis
(relative to the lightness), the a-axis (relative to the green—red opponent colors), and the
b-axis (relative to the blue-yellow opponent colors). The first varies between zero (black)
and 100 (white), while the second and the third are unbounded.

Moreover, the spectral reflectance was assessed through the Solid Spec-3700 spectro-
photometer, which was equipped with a 60 mm diameter integrated sphere, having a
wavelength accuracy of 0.1 nm. According to the ASTM Standard E903-96, the measure-
ment of the spectral near-normal reflectance focused on the wavelength interval, ranging
between 250 and 2500 nm (with a step of 5 nm), while neglecting, mostly, the ultraviolet
C spectrum (negligible thermal effects). The spectral reflectance was finally estimated ac-
cording to the ASTM Standard G173-03. Discontinuities in the outcomes (drops) were ob-
served due to the detectors changing at around the 750 and 1750 nm wavelengths. Anal-
yses were reiterated twice and executed in triplicate. Finally, the mean spectral reflectance
value was calculated for the ultraviolet (from 250 to 400 nm), the visible (from 400 to 750
nm), and the infrared spectrum (from 750 to 2500 nm), respectively. It is worth noting that
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the integrated sphere was characterized by a size, which may underestimate the radiation
reflected diffusively by the sample. However, such a bias remained constant throughout
the characterization campaign; thus, the results can be reliable as long as a comparative
approach is followed.

3.5. Life-Cycle Assessment

A preliminary life-cycle assessment was performed to evaluate the impacts of NC
content reduction on emissions due to brick manufacturing processes, according to stand-
ards ISO 14040 [34] and ISO 14044 [35]. The software SIMAPRO 9.1.1 (version 9.1.1., PRé
Sustainability Amersfoort, The Netherlands) was used, while the ReCiPe 2016 Midpoint
Hierarchy method was chosen for the impact assessment. Within this framework, up to
18 factors were assessed by excluding long-term emissions: global warming (GW)), strato-
spheric ozone depletion (OD), ionizing radiation (IR), ozone formation human health
(OFun), fine particulate matter formation (PM), ozone formation, terrestrial ecosystems
(OFrte), terrestrial acidification (TA), freshwater eutrophication (FEut), marine eutrophica-
tion (MEut), terrestrial ecotoxicity (TEcot), freshwater ecotoxicity (FEcot), marine ecotox-
icity (MEcot), human carcinogenic toxicity (HCT), human non-carcinogenic toxicity (Hx-
CT), land use (LU), mineral resource scarcity (MRS), fossil resource scarcity (FRS), water
consumption (W). Average data for existing suppliers were used in the attributional
model for the inputs and outputs for the determining systems [36]. The functional unit
was one kilogram of finished and packed clay brick. The system boundary was defined as
cradle-to-gate and included clay pit operation, first grinding process, wet process (second
grinding, mixing, and plastifying), storage in the factory, forming (extruding molding
method), cutting, drying, firing, loading, packing with plastic, and storage on wood pal-
lets. On the other hand, the dataset neglected charge of the wastewater and solid waste
by assuming that the waste heat was totally reused for drying. The other three models
were designed by substituting the clay content with dredged sediments according to the
proportions described in Section 3.2. We should note that the dredged sediments enter the
system as a burden-free input since they come from disposal materials. The goal and scope
was to carry out a comparative analysis of the environmental impact of the four brick
specimens, when produced at a laboratory scale.

4. Results and Discussion
4.1. Chemical Characterization of Raw Materials

Results from the static thermogravimetric analysis (Table 2) highlighted that almost
43.6% of the DS sample weight was due to moisture content, while it only accounted for
18.0% in NC. When the drying process of the samples concluded, the greatest percentage
of ashes was observed in NC (86.2%). On the contrary, DS specimens showed a higher
content of both dry volatile matter (16.6%) and dry fixed carbon (0.2%), when compared
to NC.

Table 2. Results from the static thermogravimetric analysis for the raw material samples.

. Volatile Fixed Dry Volatile Dry Fixed
Moisture Matter Ashes Carbon Matter Dry Ashes Carbon
NC 18.03% 11.28%  70.66%  0.02% 13.76% 86.21% 0.03%

DS 43.65% 9.37% 46.86%  0.11% 16.64% 83.16% 0.20%

Results from the analysis of the mass change are reported in Figure 3. Between am-
bient temperature and 623 K, a mass loss due to moisture evaporation was observed. It
was equal to 44% in DS. Weight loss of around 4% took place between 623 and 1043 K due
to the elimination of crystallization water. Further weight loss of around 5% was observed
in the range 1043-1253 K. Fraction weight was almost constant above 1253 K. A total mass
loss as high as 51% was noted during the thermal analysis.
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When NC was heated from the ambient temperature to 590 K, the evaporation of
physically-adsorbed and moisture water was produced (20% of mass loss). Within this
temperature range, the dehydration of nontronite must be considered, since it generally
happens between 333 and 473 K. Additionally, the combustion of organic compounds,
which were consistent in dredged sediments, took place. In the range 590-850 K, the
weight essentially remained constant. From 850 to 1190 K, a rate of 7% mass loss occurred,
probably due to the dehydroxylation of muscovite and nontronite, as well as the combus-
tion of some organic compounds found in the NC. There were no significant weight losses
above 1190 K.

100 =

90 A i

80 A T ey S FE

70 A I

60 A

Fraction weight [%]
|
I

£
B x|z

50 - ¥

40

200 300 400 500 600 700 800 900 1000 1100 1200 1300
Temperature [K]

=NC -DS

Figure 3. Mass changes of the raw materials when heated with a heat rate of 20 K min™ from ambient
temperature till 1273 K, in air atmosphere.

Table 3 shows the minor components of NC and DS. The DS present a considerable
concentration of some heavy metals such as Co, Se, and V, if compared to the limit values
defined by the DL 155/06 (Col. A). In particular, both Co (16.3 ppm) and V (79.3 ppm)
turned out to be close to the respective thresholds (20 ppm for Co and 90 ppm for V),
while the concentration of Se (10.3 ppm) was almost the triple of the limit (3 ppm). When
compared to NC, DS showed higher concentrations of Cr, Ni and Zn. Conversely, NC was
presenting greater concentrations of Cd, Pb, and Cu (Table 3).

Table 3. Minor chemical components (in ppm) in row materials, and limit values for the concentration of heavy metals in
the soil of both public and private green areas.

As

Be Cd Co Cr Ni Pb Cu Se V Zn Sb Hg Sn

NC
DS
DL 156/06 (Col. A)

u.d.l.
u.d.l.
20.0

udl. 09 136 udl 309 298 251 wudl 757 524 udl udl udl
udl. 05 163 265 514 165 128 103 793 628 udl udl udl
20 20 200 150.0 120.0 100.0 120.0 3.0 90.0 150.0 10.0 1.0 -

Under detection limit (u.d.L.).

4.2. Chemical Characterization of the Bricks

Samples of the four mixtures utilized for the production of bricks were assessed with
both static and non-static thermogravimetric analysis. In general, the content of moisture
increased according to the percentage of dredged sediments in the mixture (Table 4), rang-
ing from 24.1% (DS-10) to 29.5% (DS-50). In the dry specimens, almost the same amount
of ashes was estimated (between 85.9% and 87.8%). Almost the same was observed for the
volatile matter (ranging from 12.1% to 14.3%).
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Table 4. Results from the static thermogravimetric analysis for the different brick mixtures.

. Volatile Fixed Dry Vola- Dry Fixed
Moisture Matter Ashes Carbon tilzyMatter Dry Ashes CrZrbon
DS-0 25.63% 9.65% 64.68%  0.04% 12.98% 86.96% 0.05%
DS-10 24.07% 9.21% 66.68%  0.04% 12.13% 87.82% 0.06%
DS-30 28.46% 9.59% 62.14% null 13.41% 86.86% null

DS-50 29.46% 10.07%  60.59% null 14.27% 85.90% null

Outcomes from the mass change assessment are reported in Figure 4. Between ambi-
ent temperature and 673 K, a mass loss due to moisture was observed. It was equal to 25%
in DS-10, 30% in DS-30, and 32% in DS-50. Weight loss of around 2% took place between
673 and 1073 K due to the elimination of water of crystallization, and the combustion of
some organic compounds. Further weight loss of around 5% was observed in the range
1073-1253 K. Fraction weight was almost constant in all the specimens above the 1253 K.
A total mass loss as high as 34%, 37%, and 40% was noted, respectively, in the DS-10, DS-
30, and DS-50 mixtures during the thermal analysis.

In regard to DS-0, it is worth noting that such a brick mixture resulted from the com-
bination of NC raw material and water. Thus, the mass changes observed in this sample
were close to the ones of NC. When DS-0 was heated from the ambient temperature to 600
K, the evaporation of physically-adsorbed and moisture water caused a 25% of mass loss,
mainly due the dehydration of nontronite. In the range 600-1027 K, a weight loss as high
as 3% was observed. From 1027 to 1207 K, a rate of 6% mass loss occurred. As already
noted for NC raw material, this variation can be addressed to the dehydroxylation of mus-
covite and nontronite as well as the combustion of organic compounds. Above the 1207
K, there were no significant weight losses.

100 —_—
90 A
80

=
70 A o

60 ==

Fraction weight [%]

50 A

40

200 300 400 500 600 700 800 900 1000 1100 1200 1300
Temperature [K]

-DS-0 -DS-10 —-DS-30 —-DS-50

Figure 4. Mass changes of the brick mixtures when heated with a heat rate of 20 K min™ (from
ambient temperature) to 1273 K, in air atmosphere.

Table 5 shows the minor components that were detected on the different mixtures of
clay and dredged sediments. The DS-0 sample revealed a high concentration of heavy
metals, such as As, Cr, Pb, and Se, when compared to the other specimens. In particular,
the concentration of Cr (161.2 ppm) was 10 times the second-highest value (18.5 ppm),
which was found in DS-30. We should note that both As and Se reached concentration
levels, which were significantly greater than the rest samples. These were as high as 24.1
ppm (As) and 30.0 ppm (Se) in DS-0, while being under the detection limit in all other
cases, except the Se in DS-10. In general, the lowest concentration value for each assessed
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heavy metal can be observed in the DS-10 sample, while the highest referred to the DS-0
mixture.

Table 5. Minor chemical components (in ppm) in brick mixtures.

As Be Cd Co Cr Ni Pb Cu Se \% Zn Sb Hg Sn
DS-0 241 udl 35 186 1612 591 693 259 300 806 61. udl. udl udl
DS-10 wudl wudl 03 11.6 24 314 230 7.7 1.1 614 541 udl udl udl
DS-30 udl udl 11 145 185 453 266 179 wudl 789 591 udl udl udl
DS-50 wu.dl udl 11 168 9.1 388 285 196 wudl 775 561 udl udl udl

Thermal Conductivity [W m! K]

Under detection limit (u.d.L).

4.3. Opto-Thermal Properties

Figure 5 and Table 6 show the results of the thermal properties, which were estimated
through the Hot Disk apparatus (Hot Disk AB, Gothenburg, Sweden).

Performing the test in triplicate permitted observation of the variations that existed
among the estimated thermal properties for different samples of the same typology. Such
variations, which are not significant, were more evident in those specimens characterized
by higher exploitation of DS in their mixtures (DS-30 and DS-50). The reason might be
found on the higher level of heterogeneity of DS raw material, when compared to the NC.

The estimated thermal conductivity was as high as 0.46 + 0.03 W m K- for DS-0,
0.45+0.03 W m™ K for DS-10, 0.50 + 0.03 W m~! K- for DS-30, and 0.45 + 0.03 W m1 K-
for DS-50. In general, the exploitation of DS seemed to have negligible effects on the re-
sulting thermal conductivity value. The same can be observed for both thermal diffusivity
and specific heat. In particular, the estimated thermal diffusivity was as high as 0.448 +
0.046 mm?2s-! for DS-0, 0.42 + 0.06 mm?2s for DS-10, 0.55 + 0.08 mm?2s-! for DS-30, and 0.55
+0.08 mm?s! for DS-50. As far as the specific heat is concerned, it was quantified as equal
to 1.04 £ 0.13 ] Kg' K- for DS-0, to 1.06 + 0.16 ] Kg~! K- for DS-10, to 0.92 + 0.15 ] Kg! K-!
for DS-30, and to 0.82 + 0.12 ] Kg~' K- for DS-50.

1
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Figure 5. Thermal conductivity (a), thermal diffusivity (b), and specific heat (c) estimated for brick specimens (three sam-
ples for each brick specimen) through the hot disk apparatus.

Table 6. Overview of the thermal properties (with the corresponding errors) estimated for brick specimens (three samples
for each brick specimen) through the hot disk apparatus.

. Thermal Conductivit Thermal Diffusivit Specific Heat
Brick IDs (W m- K1) y (mm? s-) ¥ f] Kgt K1)
Nominal Value Error Nominal Value Error Nominal Value Error
DS-0_1 0.47 0.01 0.45 0.02 1.04 0.07
DS-0_2 0.46 0.01 0.44 0.02 1.05 0.07
DS-0_3 0.46 0.02 0.45 0.03 1.02 0.08
DS-0 0.46 0.03 0.45 0.05 1.04 0.13
DS-10_1 0.45 0.015 0.44 0.03 1.04 0.09
DS-10_2 0.45 0.015 041 0.03 1.08 0.04
DS-10_3 0.45 0.015 0.42 0.04 1.06 0.11
DS-10 0.45 0.03 0.42 0.06 1.06 0.16
DS-30_1 048 0.02 0.57 0.04 0.84 0.07
DS-30_2 048 0.02 0.54 0.05 0.89 0.10
DS-30_3 0.55 0.02 0.52 0.04 1.04 0.09
DS-30 0.50 0.03 0.55 0.08 0.92 0.15
DS-50_1 0.46 0.02 0.58 0.04 0.79 0.06
DS-50_2 0.46 0.01 0.58 0.03 0.80 0.06
DS-50_3 0.42 0.01 0.49 0.06 0.86 0.09
DS-50 0.45 0.03 0.55 0.08 0.82 0.12

Outcomes from the color assessments are reported in Table 7. Adding DS to the NC
mixture barely caused a variation in the color pattern of the bricks. The color shifting from



Energies 2021, 14, 4575

12 of 18

the reference case (DS-0) was estimated as high as 1.12, 3.09, and 5.88 for DS-10, DS-30,
and DS-50, respectively. To better understand the magnitude of these color changes, it
must be reported that a AC value lower than 1.50 is generally considered by most of the
industries as the criterion for color approval when testing different samples of the prod-
ucts.

Table 7. RGB and CIE Lab color space coordinates associated to the bricks’ color patterns, and color
shift values from the reference case (DS-0).

Brick ID DS-0 DS-10 DS-30 DS-50
Patch . . . .
R 175 174 176 167
G 129 130 125 115
B 103 105 96 88
L 57.80 58.09 56.73 53.14
a 14.64 14.05 16.55 17.54
b 21.19 20.28 23.38 23.31
AC - 1.12 3.09 5.88

Measured spectral reflectance values of the brick specimens are represented in Figure
6, together with the error associated to the nominal value. Table 8 shows, instead, the
mean values calculated for each wavelength interval (ultraviolet, visible, infrared). In gen-
eral, samples were capable of reflecting most of the infrared radiation, while absorbing a
considerable amount of radiation within the visible range, as well as, almost, the totality
of the ultraviolet radiation. In particular, the average spectral reflection values estimated
in the ultraviolet spectrum ranged between 7.8% + 0.6% (DS-0) and 5.6% + 0.3% (DS-50).
In the visible wavelength interval, the highest average spectral reflectance was observed
in DS-30 (28.2% * 1.0%), while the lowest value corresponded to DS-50 (26.1% + 0.7%).
Finally, the spectral reflectance amounts in the infrared range varied from 69.6% + 2.5%
(DS-0) to 74.3% * 2.3% (DS-30).

The comparison of the nominal values of the reflectance, which were estimated for
the brick samples, are visualized in Figure 7. The trends, in regard to the brick reflectivity,
were similar, so that the four lines appeared almost parallel. DS-0 and DS-10 bricks exhib-
ited the highest reflectivity in the ultraviolet. Nonetheless, an inversion in this ranking
was observed in the visible field when the four amounts were closer. When it came to
wavelengths longer than 750 nm —the DS-30 and DS-50 showed the highest solar reflec-
tivity.
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Figure 6. Spectral reflectance measured for the four brick specimens.

Table 8. Mean spectral reflectance calculated for each wavelength interval, for each brick specimen.

DS-0 DS-10 DS-30 DS-50
Nominal Error Nominal Error Nominal Error Nominal Error
Value Value Value Value
uv 7.8% 0.6% 7.5% 0.3% 7.1% 0.5% 5.6% 0.3%
Visible 27.9% 1.2% 27.7% 0.7% 28.2% 1.0% 26.1% 0.7%
IR 69.6% 2.5% 71.6% 2.0% 74.3% 2.3% 73.8% 2.7%

(=3 (=3 f=3 (=3 f=4 f=3 (=3 (=3 (=3 (=3
vy (=3 v (=3 vy (=3 v (=3 ) (=3
(o] wv o~ S (o} sl o~ (=3 N wv
Wavelenght [nm]
——DS-0 DS-10

Figure 7. Visual inter-brick comparison of the nominal values of spectral reflectance.
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4.4. Life-Cycle Assessment

The results concerning normalized impact categories from the LCA analyses are pre-
sented in Table 9. Percentage variation from DS-0, in terms of GW score, ranged between
-0.6% (DS-10) and —2.8% (DS-50). The greatest variations corresponded to MRS (-49.6%
for DS-50), HN-CT (—29.1% for DS-50), and TEcot (-36.7% for DS-50) due to the preserva-
tion of raw clay. In particular, the ecotoxicity-related categories (i.e., TEcot, FEcot, MEcot,
HCT, and H~n-CT) showed most impact reductions once the clay was substituted by
dredge sediments.

Table 9. Normalized impact categories.

Indicator Total Percentage Variation from DS-0
Factor DS-0 DS-10 DS-30 DS-50 DS-10 DS-30 DS-50

GW 10-5 3.00 2.98 2.95 291 -0.6% -1.7% -2.8%
OD 107 7.30 7.19 6.99 6.78 -1.4% -4.3% ~7.1%
IR 106 2.01 2.00 1.96 1.92 -0.9% -2.7% —4.5%
OFuH 10 2.41 2.37 2.29 2.20 -1.7% -5.2% -8.7%
PM 106 6.71 6.58 6.32 6.06 -1.9% -5.8% =9.7%
OF1& 105 2.89 2.84 2.74 2.64 -1.7% -5.2% -8.6%
TA 10-5 1.06 1.04 1.01 0.97 -1.7% -5.1% -8.6%
Feut 10-6 5.04 4.97 4.83 4.68 -1.4% ~4.3% ~7.2%
MEut 108 9.27 8.91 8.19 7.46 -3.9% -11.7% -19.5%
TEcot 10+ 291 2.70 227 1.84 ~7.3% -22.0% -36.7%
FEcot 105 5.41 5.15 4.63 4.10 —4.8% -14.5% -24.1%
ME-cot 10+ 3.94 3.80 3.50 3.21 =3.7% -11.1% -18.6%
HCT 10+ 7.14 6.88 6.36 5.84 -3.6% -10.9% -18.2%
HnCT 10+ 1.14 1.07 0.94 0.81 -5.8% -17.5% -29.1%
LU 107 7.74 7.56 7.18 6.81 —2.4% -7.2% -12.1%
MRS 107 1.21 1.09 0.85 0.61 -9.9% -29.7% -49.6%
FRS 10-5 5.36 5.32 5.24 5.16 -0.7% -2.2% =-3.7%
4 10-6 2.06 2.03 1.97 1.91 -1.4% —4.3% ~7.2%

Sensitivity analysis was performed modifying the energy mix from “Market group
for electricity, medium voltage in Europe, Cut-off, U” to “Market for electricity, medium
voltage, Italy, Cut-off, U” to evaluate how local energy use could vary the results. Apply-
ing the local Italian energy mix had the best impact on the ionizing radiation and fresh-
water eutrophication scores. The stratospheric ozone depletion score increased to approx-
imately 12% of the previous result with the European average mix (Figure 8).
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Figure 8. Characterization factors (reported as percentage) for European and Italian energy mix.

5. Conclusions and Future Developments

The present study deals with natural clay replacement in brick manufacturing
through the use of dredged sediments. Three different brick specimens were produced by
varying the dredged sediment content in the mixture from 10% to 30%, and to 50%. A
comparative analysis of their opto-thermal properties was performed against a conven-
tional clay brick (reference case).

The main findings were that:

e DS-10 was the sample with the lowest concentration of heavy metals, the highest cor-
responded to the DS-0;

e Thermal conductivity of the four specimens varied between 0.45+0.03 W m~ K- (DS-
50) and 0.50 = 0.03 W m™ K (DS-30);

e Color shift value was directly proportional to DS’ content, the highest value (5.88)
was calculated for DS-50;

¢ Anincrement of, approximately, 5% in spectral reflectivity could be achieved in the
infrared range by substituting half of the NC in bricks with DS;

e GW score reduction ranged between 0.6% (DS-10) and 2.8% (DS-50), while the great-
est impact reductions were observed in ecotoxicity-related categories.

Chemical characterization highlighted that lower concentration levels of heavy met-
als could be achieved by partially substituting DS to NC in the brick mixture. Conversely,
thermal conductivity, thermal diffusivity, and specific heat barely varied from the refer-
ence case when DS were incorporated. As far as the optical analysis is concerned —a color
shift parameter lower than six was calculated for each specimen. Thus, negligible varia-
tions in the color pattern were detected by the chromometer apparatus. Similarly, the re-
flectivity in the visible wavelength interval was almost unaltered, while it turned out to
be enhanced in the infrared range.

In conclusion, the present study demonstrated that color, thermal properties, and
heavy metal content of bricks made of DS are similar to ordinary bricks, and that opto-
thermal properties are slightly affected by the DS-to-NC ratio of the brick mixtures. On
the contrary, the environmental impact turned out to be reduced for bricks incorporating
DS.

In regard to future developments—the mechanical and acoustic properties of clay
bricks enhanced with dredged sediments can be investigated, and both their porosity and
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permeability to water might be assessed. Furthermore, other alternative materials or by-
products could be added to the mixtures, together with the sediments, to further improve
the thermal insulation of bricks.
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Abbreviations

Acronyms

NC Natural clay

DS Dredged sediments

DS-0 Traditional brick

DS-10 Brick samples with a 10% content of DS
DS-30 Brick samples with a 30% content of DS
DS-50 Brick samples with a 50% content of DS
TPS Transient plane source

GW Global warming

OD Stratospheric ozone depletion

IR Ionizing radiation

OFnn Ozone formation, Human health

PM Fine particulate matter formation

OFtE Ozone formation, Terrestrial ecosystems
TA Terrestrial acidification

FEut Freshwater eutrophication

MEut Marine eutrophication

TEcot Terrestrial ecotoxicity

FEcot Freshwater ecotoxicity

MEcot Marine ecotoxicity

HCT Human carcinogenic toxicity

HnCT Human non-carcinogenic toxicity

LU Land use

MRS Mineral resource scarcity

FRS Fossil resource scarcity

W Water consumption

Nomenclature

Po Specific heating power of Hot Disk

t Heating time step of Hot Disk

A Thermal conductivity

a Thermal diffusivity
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P Density
cp Specific heat
o Standard deviation
E Error
AC Color shift
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