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A B S T R A C T   

Ongoing management of biosolids has emerged as a major economic challenge for wastewater treatment facilities 
around the world. To tackle this challenge, it becomes imperative for the researcher community to identify 
various applications for this waste material, simultaneously supporting the government’s closed-loop circular 
economy initiative. This research investigates the use of biosolids in raw, pyrolyzed (biochar), and ashed (bioash) 
forms as cement replacement materials. Detailed material characterization was carried out on the raw cemen
titious material followed by that on the hydrated cement composites using X-ray fluorescence, X-ray diffraction, 
energy-dispersive X-ray spectroscopy, scanning electron microscopy, carbon, hydrogen, nitrogen, and sulfur 
(CHNS) analysis, Xray micro-computed tomography and compressive strength test to identify their mechanical 
and physicochemical properties. The results show that the addition of 10% biosolids in the blended cement 
composite increased its total porosity by more than 21 times and decreased its compressive strength by 80% at 28 
days of curing, indicating its potential use as an air-entraining admixture for the low-density concrete. However, 
the addition of 10% biochar brought about a strength improvement of ~278% and a reduction in its total 
porosity by ~87% compared to that of the biosolids blended cement composites. Partial replacement of cement 
with 10% bioash (ash form) showed ~66% reduction in its total porosity and 11% reduction in the 28-day 
compressive-strength compared to that of the biochar blended cement composites. Overall, this study demon
strates that the different forms of biosolids (raw, biochar, and bioash) can potentially be used as cement 
replacement materials with varied benefits in the cement and concrete industry. The recommendation for the 
future work is to carry out long-term durability studies on these blended cement composites for the ready uptake 
of this waste material by the construction industry.   

1. Introduction 

Globally, it has been accepted that the make, use, and throw policy is 
unsustainable and negatively impact the environment, economy, and 
public health. Realising this concern, governments all over the world are 
looking for scientific solutions to recycle all forms of waste materials to 
develop a closed-loop circular economy, where today’s waste is to
morrow’s raw material. The support available from the government for 
various research and development activities is making it easier for the 
research community to develop various scientific solutions for the 
recycling of various forms of industrial, agricultural, and residential 

wastes. The construction industry is one of the major sectors that has 
looked at utilizing these waste materials. Flyash [1–3], slag [4–6], 
recycled concrete aggregates [7–11], waste tyre rubber [12–16], and 
waste glass [17–19] are some of the industrial waste materials that have 
found applications in the cement and concrete industry. Many agricul
tural waste materials [20,21] like rice husk ash, palm oil fuel ash, and 
corn cob ash have also shown great potential as cement replacement 
materials. 

Biosolids is one of the waste materials that is actively being 
researched for its large volume of production, which is increasing over 
time because of the growing population and low utilisation rate [20,21]. 
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As per Australia and New Zealand biosolids partnership (ANZBP) 
commissioned survey report in 2019, Australia produced about 371,000 
tonnes of dry biosolids annually, which has increased by 20% from 300, 
000 tonnes in 2010. Currently, the most common and major applications 
of biosolids are agriculture and land rehabilitation [22,23]. However, as 
the research advances in this field, the concerns about the transfer of 
pathogens [24,25] and heavy metals from biosolids into the soil are also 
growing [26,27]. Recently, biosolids have been recognised as a potential 
source of soil and groundwater contamination from per- and poly
fluoroalkyl substances and micro-plastics [28], that may restrict their 
land application in the near future [29,30]. 

As an alternative, biosolids managers at wastewater treatment plants 
(WWTPs) have started exploring different options for biosolids man
agement other than land applications to increase its utilisation rate. 
There are studies reported where biosolids have been successfully 
applied into brick manufacturing [31,32]. Ukwatta et al. [31] investi
gated the effect of incorporating biosolids obtained from a water treat
ment plant into fired-clay bricks. The clay used for brick manufacturing 
was partially replaced with 25 wt% of biosolids taken from three 
different stockpile locations. They observed a reduction of 28.3, 51.8, 
and 55.1% in the compressive strength of biosolid clay composite bricks 
compared to that of the control clay bricks not containing any biosolids. 
They noticed a corresponding increase in the total porosity and the loss 
on ignition of the organic content of biosolid amended clay bricks 
compared to that of the control samples that were instrumental in 
reducing their corresponding compressive strengths. Another study by 
Mozo-Moreno and Gómez [32] looked at replacing brick manufacturing 
clay with 5, 10, and 15% of biosolids content at three different kiln 
temperatures of 950, 1000, and 1050 ◦C. They observed that the 
compressive strength of the biosolids bricks decreased with the increase 
in the biosolids content indicating the negative effect of the addition of 
biosolids to the compressive strength of the clay-biosolids blended 
bricks. However, the strength of control and biosolids-clay blended 
bricks of all replacement levels increased with the increase in the kiln 
temperature. The strengths reduction in the biosolids-clay blended 
bricks 950 ◦C kiln temperature was 43.9, 54.4, 79.3% at 5, 10, 15% 
replacement levels, compared to that of the control bricks. However, at 
the kiln temperature of 1050 ◦C they observed a reduction in their 
corresponding compressive strengths by 30.1, 63, 69.2%, respectively. 

There is also a growing interest among the biosolids management 
community that biosolids are processed onsite via pyrolysis (biochar), 
gasification, or incineration (bioash) methods. This allows significant 
reduction in its volume [33], carbon sequestration [34–36], and 
destruction of pathogens and emerging contaminants such as Per- and 
polyfluoroalkyl substances (PFAS) and micro-plastics [37–40]. Although 
biochar derived from various sources, such as poultry litter [41], rice 
husk [41,42], bagasse [42], paper mill sludge [41], wood waste [35], 
and agriculture waste [42] have been used as cement replacement ma
terials, there appears to be very little, or no study carried out on the 
application of biochar derived from municipal waste. Akhtar and Sar
mah [41] investigated the effect of replacing cement with three different 
types of biochars, i.e., poultry litter (PL) biochar, rice husk (RH) biochar, 
and pulp and paper mill sludge (PP) biochar at 0.1–1% of the total 
volume of concrete. They observed that the PL biochar showed a small 
reduction in its 7-day compressive strengths; however, the RH and PP 
biochars showed a considerable increase in their corresponding 7-day 
compressive strength results at 0.1% biochar content level, which they 
attributed to the early pozzolanic effect of these biochars. At 28 days of 
curing all types of biochars showed a reduction in their corresponding 
compressive strength results compared to that of the control mix, with 
PL biochar showing the highest reduction in its relative compressive 
strength. The other two biochars i.e. RH and PP showed relatively a 
small reduction in their corresponding compressive strength results. 
They also observed different trends on the effect of increasing the bio
char contents with different biochar types. The PL biochar showed a 
significant reduction in its corresponding compressive strength at 0.25% 

replacement level compared to that of 0.1%, which recovered consid
erably at 0.5% replacement level and then somewhat stayed stable at 
0.75 and 1% replacement levels at 28 days of curing. The RH biochar 
showed a staggered trend with the increase in its replacement level. It 
showed a significant reduction in its compressive strength when the 
replacement level increased from 0.1 to 0.25%. At 0.5% replacement 
level it significantly improved its 28-day strength compared to that of 
the 0.25% replacement level, however it was still slightly lower than 
that of 0.1% replacement level. At 0.75% it again showed a reduction 
followed by an increase in 28-day strength at 1% replacement level. 
However, PP biochar showed consistent results with the increase in its 
replacement level. The compressive strength of PP biochar blended 
mixes showed a reduction in its 28-day compressive strengths with the 
increase in its replacement levels. 

Zeidabadi et al. [42] looked at investigating the effect of rice husk 
and bagasse biochars at 5 and 10% cement replacement levels. They 
observed that both the rice husk and bagasse biochars showed 5% 
replacement level to be the optimum replacement level that provided a 
small improvement in their 28-day compressive strength than the con
trol sample. With the further increase in the replacement level, they 
observed a reduction in their corresponding 28-day compressive 
strength results. Both rice husk and bagasse biochars showed approxi
mately a similar increase in their 28-day strength than that of the control 
mix. They attributed the increase in strength at 5% replacement level to 
the pozzolanic effect. On further increasing the biochar content, the 
cement’s dilution effect (i.e., the reduction in the cement content) was 
more prominent. In another study, Gupta et al. [35] investigated the 
effect of wood sawdust biochar with and without CO2 saturation at 2% 
cement replacement level on the properties of the blended cement 
composites. They observed that the calcium carbonate content was 
higher in both the unsaturated and the CO2 saturated biochar blended 
composites. However, the CO2 saturated biochar showed a significant 
increase in its calcium carbonate content compared to both the control 
and the unsaturated biochar blended cement composites. They attrib
uted this to the carbonation of the portlandite content released by the 
hydration reaction of OPC. The 28-day compressive strength results 
showed a 10% reduction in the 28-day strength of CO2 saturated biochar 
blended cement mortar. However, the unsaturated biochar blended mix 
showed 7.7% increase in its corresponding compressive strength results. 
The attributed the increase in the 28-day strength of the unsaturated 
biochar blended cement mortar to the reduction in the effective 
water/cement ratio due to its absorption/adsorption by the biochar 
particles that also contributed towards the internal curing of the cement 
particles. 

Bioash, derived from the destructive thermal oxidation of biosolids, 
destroys all the organic content, including organic carbon, present in 
biosolids, leaving behind only the inorganic minerals. Its use in cement 
and concrete applications have been demonstrated recently. Garcés 
et al. [43] analyzed the effect of replacing ordinary Portland cement 
(OPC) with sewage sludge ash (SSA) derived from the incineration of 
sewage sludge at 800 ◦C in a fluidized bed reactor at a replacement level 
of 10, 20, and 30%. They (Garcés et al. [43]) noted that the 28-day 
compressive strength of the blended cement composites showed a 
reduction of 11.8% and 30.2% at the respective replacement levels of 
10% and 30%, compared to that of the control mix. Chang et al. [44] 
investigated the effect of sewage sludge ash as a cement replacement 
material at 10, 20, and 30% of replacement levels. They (Chang et al. 
[44]) noticed an increase in the initial and final setting times of SSA 
modified cement composites that increased with the increase in the SSA 
content, which they attributed it to the lower fineness of SSA compared 
to that of the cement. The compressive strength results showed an 
approximate reduction of 8, 25, and 37% at the respective cement 
replacement levels of 10, 20, and 30%. They attributed it to the low 
amorphous silica content and the pozzolanic activity of the sewage 
sludge ash. Another study by Chen and Poon [45] noted a reduction of 
9.6, 4.4, 8.8% in the respective 28-day compressive strength results of 
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SSA blended cement composites containing 5, 10, and 20% of SSA. 
Interestingly, the replacement of cement content with sewage sludge ash 
in their experimental work did not show any consistent correlation with 
its strength properties. The literature shows some contradictions on the 
effect of the replacement of cement with the sewage sludge ash [43–45]. 
Therefore, it warrants detailed investigation on the standalone material 
properties and its physicochemical behaviour when used as a supple
mentary cementitious material. 

To the best of the authors’ knowledge, based on the review of 
existing literature on the applications of different forms of treated 
sewage waste (raw biosolids, biochar, and bioash) [31,32,35,41–45], as 
cement replacement materials, there appears to be very little, or no 
study carried out on (i) the use of biosolids as cement replacement 
material (ii) use of biochar derived from dried sewage waste as a cement 
replacement material, and (iii) there is no existing study that in
vestigates the comparative effect of all the three forms of treated sewage 
waste (biosolids, biochar, and bioash). Moreover, identifying the po
tential applications of biosolids/biochar/bioash in cement and concrete 
industry can help preserve the valuable natural resources that have to be 
mined continuously to meet the concrete industry’s growing demand. 
Therefore, to address these research gaps and to look for solutions to an 
environmental problem associated with this waste product, a compre
hensive study was undertaken in a two-staged approach. In the first 
stage, we looked at investigating the physical, elemental, and mineral
ogical changes within the material properties of the three forms (raw 
biosolids, biochar, and bioash) of treated sewage waste. X-ray fluores
cence (XRF), X-ray diffraction (XRD), scanning electron microscopy 
(SEM), energy-dispersive X-ray spectroscopy (EDX), and Carbon, 
Hydrogen, Nitrogen, and Sulfur (CHNS) analysis were undertaken to 
investigate the elemental and mineralogical properties of biosolids, 
biochar, and bioash. In the second stage, we investigated all these three 
forms of treated sewage waste as cement replacement materials at 5 and 
10 wt% replacement levels. To investigate the variation in the me
chanical and physicochemical properties of hardened cement mortars of 
the blended cement composites, compressive strength, thermogravi
metric analysis (TGA), XRD, and X-ray tomographic (XRT) analysis were 
undertaken. 

2. Raw material and experimental program 

2.1. Raw material 

The raw materials used in this experimental program were Austra
lian Builders GP Cement (OPC) procured from Independent cement P/L, 
biosolids, pyrolytic biochar from biosolids, bioash from biosolids, sand, 
water, and superplasticiser (MasterGlenium SKY 8379 from BASF). The 
biosolids used in this study were sourced from Boneo water recycling 
facility of South East Water Corporation in Victoria, Australia. Biosolids 
were produced after aerobic and anaerobic digestion, followed by 
dewatering (belt press) and drying (solar drying sheds) [46]. Biochar 
was produced by slow pyrolysis of the harvested biosolids from solar 
dryer sheds in a lab-scale bubbling fluidized bed reactor at 600 ◦C and 
1000 ml min− 1 of nitrogen flowrate with a constant heating rate of 
35 ◦C min− 1 and 60 min solid residence time. The detailed procedure of 
biosolids pyrolysis is described in our previous work [37]. To produce 
bioash, the organic matter content of the biosolids was destroyed by 
keeping it in a muffle furnace at 550 ◦C temperature for 12 h [47]. 

2.2. Particle size distribution of ordinary portland cement, biosolids, 
biochar and bioash 

The particle size distribution of ordinary portland cement, biosolids, 
biochar, and bioash was obtained using laser diffraction particle size 
analyser ‘‘Malvern Mastersizer 3000′′

2.3. Chemical properties of ordinary portland cement, biosolids, biochar 
and bioash 

To ascertain the elemental composition and chemical phases present 
in various raw materials, XRF (Bruker – Massachusetts, USA), XRD 
(Bruker – Massachusetts, USA), and CHNS (PerkinElmer – Massachu
setts, USA) analysis were undertaken. Since various methods of 
elemental quantification have their own limitations, multiple tech
niques were used to quantify all the elements present in biosolids, bio
char, and bioash. 

2.3.1. Quantification of elemental composition 
X-ray fluorescence cannot detect elements below sodium (Na) in the 

periodic table. Therefore, to quantify other elements, energy-dispersive 
x-ray spectroscopy (EDX) and carbon, hydrogen and nitrogen (CHNS) 
analysis were also undertaken. For EDX analysis, powdered samples 
were applied onto the carbon tape affixed on top of the steel stubs. 10nm 
of platinum coating was applied onto the samples for better conductivity 
using Leica EM ACE600 Sputter Coater instrument. SEM-EDX was car
ried out on these samples using FEI Quanta 200 SEM equipped with 
Oxford XMax20 EDS Detector. EDX spectra was taken at different lo
cations of the sample at 1000x magnification level. For CHNS analysis 
~2.5mg of powdered samples were loaded into the aluminium vials and 
transferred into the PerkinElmer Series II CHNS analyser instrument for 
carbon, hydrogen, nitrogen, and sulfur analysis. Three replicates were 
taken for each material to identify any variation in the results. The mean 
value of the three replicates and its standard deviation were provided in 
the results. 

2.3.2. X-ray diffraction 
X-ray diffraction provides the minerological composition of the 

cementitious materials used in this experiment as these minerals are 
instrumental in the hydration/pozzolanic reactions when they are used 
as cement composites. X-ray diffraction was carried out on the dried 
powder samples using AXS-D4-Endeavour (Bruker) equipped with Cu- 
Kα radiation source and lynxeye linear strip detector. Sample prepara
tion and equipment settings for the testing are described in Roychand 
et al. [6]. 

2.4. Recycling of biosolids, biochar, and bioash as cement replacement 
material 

2.4.1. Mortar mix design, specimen preparation, and testing 
Biosolids, biochar, and bioash were used as cement replacement 

materials at 5 and 10% by weight of cement. 50 mm cube cement mortar 
samples were prepared with a water to cement ratio of 0.4 and sand to 
cement ratio of 2. Three replicates were casted for each curing age to 
compare the performance of various replacement materials on their 
compressive strengths at 7 and 28 days of curing. Additional cubes were 
casted to carry out scanning electron microscopy and x-ray micro
tomography on the hardened mortar specimens at 28 days of curing. All 
the mortar specimens were de-molded after 24 h, cured for 7 and 28 days 
in accordance with AS 1012.8.1:2014 [48] and tested for compressive 
strength as per AS 1012.9:2014 [49]. Table 1 shows the proportion of 
various materials in different mortar mix designs tested. 

2.5. Scanning electron microscopy of mortar specimens 

Scanning electron microscopy (SEM) was undertaken on the mortar 
specimens, using FEI Quanta 200 ESEM at 28 days of curing to identify 
the morphological changes taken place within the cement microstruc
ture with the addition of biosolids, biochar, and bioash. Small 10 × 10 ×
10 mm sections were cut out of the hardened mortar samples after 28 
days of curing. The sliced sections were embedded in epoxy in 25 mm 
diameter Teflon molds and kept for drying for 24 h at room temperature 
(23 ± 2 ◦C). The exposed surface of the epoxy embedded samples was 
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grounded with 600–1200 grit silicon carbide grinding paper and then 
polished using 9 μm, 3 μm and 1 μm diamond suspension. Polished 
samples were then mounted on a steel stub and coated with gold. The 
SEM images were acquired at 500x, 5000x, and 20,000x magnification 
levels using 30 kV accelerating voltage. 

2.5.1. X-ray micro-tomography of mortar specimens 
X-ray micro-tomography was used to ascertain the total porosity of 

the hardened cement composites as total porosity has a significant in
fluence on the mechanical properties of the hardened concrete/mortar. 
X-ray micro-tomography was conducted on the mortar specimens at 28 
days of curing using Bruker Skyscan 1275 X-ray micro-CT system. 
25mmØ x 50 mm height mortar samples were cored out of the 50 × 50 
× 50 mm mortar cube samples at 27th day of curing and dried for 24 h at 
40 ◦C temperature. X-ray micro-tomography was performed on these 
cored and dried mortar cylinders at 15μm resolution at 100 kV voltage 
and 100 mA current using Cu Filter. 

2.5.2. X-ray diffraction and thermogravimetric analysis of hardened 
cement paste specimens 

XRD and TGA provided the mineralogical composition of the reac
tion products of the hardened cement pastes at various curing ages, that 
help in ascertaining the reasons behind the variation in the strength 
properties of the blended cement composites. XRD and TGA were un
dertaken on micronized 7- and 28-day cured hardened cement paste 
specimens. The cement pastes were prepared using the same mix design, 
excluding the sand component. Solvent exchange method described in 
Roychand et al. [1] was used to remove the unreacted water of hydra
tion present in the micronized powder samples, followed by oven drying 
at 40 ◦C temperature. XRD was carried out on the dried powder samples 
as per the method described in Roychand et al. [6]. TGA analysis was 
carried out on the powder samples using PerkinElmer-STA6000 thermal 
analyzer with the nitrogen flow rate of 19.8 mL min− 1. The oven-dried 
powdered samples were initially heated at 40 ◦C for 5 min to expel any 
moisture caught during sample handling, followed by a heating step of 
40–850 ◦C at the heating rate of 20 ◦C min− 1. 

3. Results and discussion 

3.1. Particle size distribution, elemental, mineralogical, and physical 
comparison of biosolids, biochar, and bioash 

Table 2 provides the particle size distribution of the powder 
cementitious material. Table 3 presents the elemental composition of 

biosolids, biochar, and bioash obtained from X-ray fluorescence analysis 
(XRF). Since XRF cannot identify the elements having atomic number 
lower than sodium (Na), therefore the total percentage of the identified 
elements shown in Table 3 are lower than 100%. 

To identify the elements lower than Na, SEM-EDX analysis was un
dertaken (Fig. 1). EDX spectra were collected at ten different locations 
on each sample to identify the remaining elements in the samples, 
including H and O. The EDX spectra shows the presence of C, N, and O 
elements present in biosolids, C and O in biochar, and only O in bioash. 
However, it has a limitation of identifying elements having atomic mass 
lower than boron (B) in the periodic table; therefore, XRD was used to 
identify the remaining four elements (H, Li, Be and B) and to ascertain 
the mineralogical composition of all the three forms of biosolids. 

Since organic and unburnt carbon plays an essential role in the hy
dration/pozzolanic reaction of cementitious materials, CHNS analysis 
(Table 4) was undertaken to identify C, H, N, and S elements. XRF 
analysis works on a volume concentration basis and CHNS analysis on a 
mass concentration basis; therefore, their percentage compositions are 
shown separately. Table 4 below provides the percentage mass of C, H, 
N, and S present in biosolids, biochar, and bioash samples. Fig. 2 shows 
the changes occurring in the physical appearance of the biosolids after 
conversion into biochar and bioash. 

It can be noted that by pyrolising the biosolids (earthy green colour) 
containing a large amount of organic compounds, there was a small 

Table 1 
Mortar mix designs.  

Mix Total Binder Sand/Binder Water/Binder Superplasticizer mL/kg of Binder 

OPC Biosolids (BS) Biochar (BC) Bioash (BA) 

Control (C) 100% – – – 2 0.4 5 
BS5 95% 5% – – 2 0.4 5 
BC5 95% – 5% – 2 0.4 5 
BA5 95% – – 5% 2 0.4 5 
BS10 90% 10% – – 2 0.4 5 
BC10 90% – 10% – 2 0.4 5 
BC10 90% – – 10% 2 0.4 5 

Note: BS, BC, and BA were used supplementary cementitious materials at 5% and 10% by weight of cement. 

Table 2 
Particle size distribution of OPC, Biosolids, Biochar and Bioash.  

Material D10 D25 D50 D75 D90 

OPC 2.9 μm 6.9 μm 16.3 μm 30.1 μm 46.9 μm 
Biosolids 1.8 μm 5.3 μm 14.3 μm 33.3 μm 69.3 μm 
Biochar 2.2 μm 5.8 μm 13.9 μm 32.9 μm 75.1 μm 
Bioash 1.4 μm 4.0 μm 12.9 μm 36.3 μm 76.6 μm  

Table 3 
Elemental composition of biosolids, biochar and bioash.  

Elements Percentage concentration 

Biosolids Biochar Bioash 

Na 0.0 0.1 0.9 
Mg 0.5 0.9 1.4 
Al 2.0 3.8 5.2 
Si 3.3 6.1 10.3 
P 1.2 2.0 2.9 
S 1.0 1.3 1.5 
Cl 0.3 0.3 0.4 
K 0.5 0.8 2.0 
Ca 5.0 8.6 14.4 
Ti 0.5 0.9 1.1 
Cr 0.0 0.02 0.02 
Mn 0.1 0.1 0.1 
Fe 5.0 6.1 8.0 
Ni 0.0 0.02 0.01 
Cu 0.2 0.3 0.4 
Zn 0.5 0.6 0.7 
Br 0.1 0.1 0.2 
Rb 0.0 0.0 0.01 
Sr 0.2 0.3 0.3 
Zr 0.0 0.0 0.1 
Sn 0.0 0.04 0.06 
Mo 0.02 0.0 0.0 
Ru 0.02 0.0 0.0 
Ba 0.1 0.17 0.3 
Pb 0.03 0.04 0.03 
Total 20.57 32.59 50.33  
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Fig. 1. SEM-EDX analysis of biosolids (BS), biochar (BC) and bioash (BA).  
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reduction in C and N elements (Table 4) and a significant reduction in H 
(Table 4) and O (Fig. 1) in biochar. The reduction in these elements 
could be attributed to the thermal breakdown of organic compounds 
resulting in the release of chemically bound water and other volatile 
compounds during the pyrolysis process of biosolids. A change in the 
physical appearance was also noted on converting biosolids into bio
char. The earthy green colour of biosolids imparted by the organic 
matter present in biosolids was converted to black biochar, indicating 
the presence of pure carbon. The XRD analysis of biosolids shows a large 
amount of amorphous content, as evident from the presence of an 

amorphous hump centered around 20◦ 2-theta (Fig. 3). The intensity of 
the amorphous hump in the XRD diffractogram of biochar decreased and 
shifted towards a higher 2-theta angle of ~26◦ 2-theta compared to that 
of the biosolids. Pure carbon typically shows an amorphous hump 
centered around 25–26◦ 2-theta angle [50,51]. This reinforces our 
observation from the physical appearance of biochar (Fig. 2) that the 
residual carbon left after the pyrolysis of biosolids is present as pure 
carbon. The presence of elemental H could be from the absorption of 
moisture from the atmosphere during sample handling as biochar is 
highly hygroscopic [52,53]. Interestingly, the CHNS analysis of biochar 
also showed the presence of nitrogen (Table 4). Since pure nitrogen is 
highly volatile and turns into gaseous form at room temperature, 
therefore, it is most likely present as a compound in combination with 
some other element. No mineral crystalline XRD peak containing ni
trogen was identified in biochar, therefore it is most likely present in an 
amorphous form. 

Bioash was produced by the destructive oxidation of biosolids by 
keeping it in a muffle furnace at 550 ◦C temperature for 12 h [47]. All 
the organic matter was destroyed in this process as evident from the total 

Table 4 
Carbon, hydrogen, nitrogen, and sulfur (CHNS) percentage composition of 
biosolids, biochar and bioash.  

Material Carbon Hydrogen Nitrogen Sulfur 

Biosolids (BS) 34.7 ± 0.17 6.4 ± 0.19 6.0 ± 0.14 0.8 ± 0.18 
Biochar (BC) 31.1 ± 0.18 1.3 ± 0.06 4.4 ± 0.12 1.1 ± 0.36 
Bioash (BA) 0.2 ± 0.04 0.1 ± 0.05 0.1 ± 0.04 1.4 ± 0.29  

Fig. 2. Photographic images showing the physical appearance of biosolids (BS) – earthy green, biochar (BC) - black and bioash (BA) - brown. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. X-ray diffractograms of Ordinary Portland Cement (OPC), biosolids, biochar, and bioash.  
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elimination of carbon, hydrogen, and nitrogen elements (Table 4), 
leaving behind the inorganic compounds (Fig. 3). Although all the 
organic compounds were eliminated, there was still a small amorphous 
hump visible in the X-ray diffractogram of bioash. This indicates that 
some inorganic compounds are present in the form of amorphous con
tent. The earthy green colour of biosolids was converted to brown col
oured bioash (Fig. 2). This was most likely because of the presence of 
high iron content (Table 3) that was present in the form of Maghemite 
mineral (Fig. 3), which is typically brown in colour [54,55]. Bioash 
showed an increase in the sulfur content compared to that of the raw 
biosolids. This is because of the oxidative destruction of organic matter 
present in biosolids that eliminated the carbon, hydrogen, and nitrogen 
elements, thereby increasing the overall proportion of sulfur present in 
the residual bioash. 

3.2. Effect of recycling biosolids, biochar, and bioash as cement 
replacement material 

Fig. 4 shows the compressive strength results of 7 and 28-day cured 
mortar samples of various mix designs. Fig. 5 presents TGA derivative 
curves, and Fig. 6 shows the X-ray diffractograms of hardened cement 
pastes at the respective curing ages. Table 5 provides an analysis of the 
thermogravimetric data. Fig. 7 shows the reconstructed images from the 
X-ray tomographic analysis. 

C–S–H/C-A-S-H/AFm/Aft column shows the percentage of the 
chemically bound H2O associated with this group of phases, calculated 
as a %age of the original mass of the micronized samples dried in an 
oven at 40 ◦C temperature. 

CHi and CCi are the identified residual calcium hydroxide and calcite 
phases calculated as per the following equations: 

CHi =
MH2O ​ CH * 74

18

M40
*100 [%]

CCi =
MCO2 ​ CC * 100

44

M40
*100 [%]

MH2O CH” and MCO2 CC are the respective mass loss evident from the 
break down of chemically-bound H2O present in portlandite and 
chemically-bound CO2 present in calcite. 

M40 = Mass of the original dried sample at 40 ◦C. 
CHet is the equivalent total portlandite released into the cement 

matrix from the hydration-reaction of C2S and C3S phases, calculated 
from the summation of actual identified portlandite (CHi) and the one 
calculated by converting the identified calcite (CCi) into the equivalent 
amount of portlandite as per the following equations. 

3.2.1. Replacement of ordinary portland cement (OPC) with 5% biosolids 
From compressive strength results (Fig. 4), it can be noted that on 

partially replacing OPC with 5% of biosolids, there was 74.4% and 71% 
reduction in the compressive strengths of BS5 at 7 and 28 days, 

respectively. The TGA analysis shows a considerable reduction in the 
chemically-bound H2O from the C–S–H/C-A-S-H/AFm/Aft group of 
phases (Table 5). However, the total actual portlandite (CHet) released 
into the cement matrix was greater than that of the control mix. In 
addition, the peak intensities of hatrurite and larnite phases of BS5 
located at ~32.25 and ~32.66◦ 2 theta angles showed a reduction of 
11.7% and 5.3% at 7 days and 28.3% and 28.9% at 28 days of curing, 
respectively (Fig. 6). This clearly indicates that there is an increase in the 
hydration reaction of the OPC component of BS5, when compared to 
that of 100% OPC mix. The XRD peak intensity of ettringite (Ca6Al2(
SO4)3(OH)12⋅26H2O) shows a small reduction and that of calcium hemi- 
carboaluminate (Ca4Al2(CO3)0.5(OH)13⋅5H2O) and calcium mono- 
carboaluminate (Ca4Al2(CO3)(OH)12⋅5.5H2O) phases shows a small in
crease in BS5 than that of the control mix. The chemically bound water 
present in ettringite is significantly higher than that of both the hemi- 
carboaluminate and mono-carboaluminate phases. Therefore, the 
reduction in the chemically-bound H2O related to the C–S–H/C-A-S-H/ 
Aft/AFm phases, in-spite of the increase in the hydration reaction of OPC 
content is most likely because of the reduction in the ettringite content 
of BS5, compared to that of the control mix. 

The thermo-gravimetric analysis of BS5 showed a considerable in
crease in the calcite content at both 7 and 28days of curing, when 
compared to that of the OPC control mix (Table 5). Previous studies have 
reported the production of CO2 [56] and some other gases [56,57] from 
the reaction of biosolids in alkaline conditions. The increase in the 
calcite content of BS5 indicates the potential release of CO2 during the 
hydration reaction. The X-ray tomographic analysis (Table 6) showed a 
substantial increase in the total porosity of BS5 (9.91%) in comparison 
to that of the OPC control mix (0.79%). A considerable increase in the 
calcite content in addition to a substantial increase in the total porosity 
of BS5 indicate the production of CO2 and possibly some other gases 
from the reaction of biosolids with the alkaline portlandite content. The 
overall TGA, XRD and X-ray tomographic analysis clearly show that the 
significant increase in the total porosity of BS5 is the primary reason 
behind the decline in its 7 and 28 days compressive-strength results 
in-spite of a considerable increase in its hydration reaction. 

3.2.2. Replacement of ordinary portland cement with 10% biosolids 
With a further increase in the replacement of biosolid to 10% in 

BS10, there was 99.4% and 80.3% reduction in the compressive 
strengths at 7 and 28 days, respectively, compared to that of the OPC 
control mix (Fig. 4). The TGA data showed a significant reduction in the 
chemically-bound H2O from the C–S–H/C-A-S-H/AFm/Aft phases at 
7days when compared to that of the OPC control mix (Table 5). This 
reduction was significantly higher in BS10 than what was evident in 
BS5, indicating the negative effect of the addition of biosolids that 
increased with the increase in biosolids content. The X-ray diffractogram 
of BS10 (Fig. 6) showed a negligible amount of identified (CHi) por
tlandite followed by a noticeable increase in the peak intensities of 
hatrurite and larnite phases at 7 days of curing. This indicates that there 

Fig. 4. Compressive strength of mortar samples.  
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was a considerable reduction in the hydration reaction of OPC present in 
BS5, and whatever portlandite was produced in the system, it got con
verted into calcite due to the possible release of CO2 from the biosolids 
and portlandite reaction. 

A significant amount of mass loss was identified at three TGA 
endothermic peaks of BS10 located at 290, 400, and 470 ◦C tempera
tures (Fig. 5). However, The XRD diffractogram of 7-day BS10 (Fig. 6) 
did not show any new crystalline peak that could be associated with 
these new complex compounds indicating that they were most likely 
present as an amorphous content. At 28-days, the chemically-bound H2O 
from the C–S–H/C-A-S-H/AFm/Aft phases improved significantly 
compared to that at 7 days (BS10). However, it was still noticeably lower 
than that of the OPC control mix and slightly lower than that of BS5 
(Table 5). The total equivalent portlandite (CHet) content of BS10 was 
slightly higher than that of BS5; however, the hatrurite and larnite 
phases showed an increase in their peak intensities in-spite of the in
crease in biosolids content. This indicates that with the increase in the 
biosolids content in BS10, both the hydration reaction and the con
sumption of its released portlandite got negatively affected. The TGA 
data and the X-ray tomographic analysis of BS10 both showed a sig
nificant increase in its calcite content and total porosity, in comparison 
to that of BS5. This reinforces our earlier observation that the por
tlandite produced by the hydration of OPC, reacts with biosolids to 
produce CO2, that not only increases the formation of calcite content but 
also raises its total porosity. The reduction in the hydration reaction of 
BS10 followed by a significant increase in its total porosity (16.92%) was 
most likely the reason behind the decline in its strength compared to that 
of BS5. 

It is interesting to note that the addition of 10% biosolids in BS10 
increases its porosity to 16.92% that is equivalent to 16.92% reduction 
in its density. Typically, air bubbles are introduced into concrete for 
various targeted benefits, such as (i) to reduce its density [58] (ii) to 
improve its freeze-thaw resistance (reference) (iii) to improve fire 
resistance (iv) to improve thermal insulation and (v) to improve acoustic 
properties. Therefore, the potential biosolids application in concrete 
could provide dual benefits viz. (i) it can help in increasing the uti
lisation rate of biosolids, and (ii) it can be used as an air-entraining 

admixture for various targeted applications. This can form part of our 
future study. 

3.2.3. Replacement of ordinary portland cement with 5% biochar 
When OPC was partially replaced with 5% of biochar in BC5, there 

was a reduction of 19.7% and 8.9% in its 7- and 28-day compressive- 
strength results (Fig. 4), respectively, in comparison to that of the con
trol mix. Interestingly, it showed 213.9 and 213.8% improvement in the 
corresponding 7 and 28-day strengths over that of BS5, indicating sig
nificant benefits of pyrolising the biosolids. The TGA data of BC5 showed 
a considerable reduction in the chemically-bound H2O from the C–S–H/ 
C-A-S-H/AFm/Aft phases (Table 5), in comparison to that of the OPC 
control mix at both 7 and 28-day cured samples. However, compared to 
that of BS5, it showed a small improvement at 7 days and approximately 
similar mass loss at 28 days of curing. The XRD diffractograms of BC5 
(Fig. 6) showed 8.7 and 9.1% reduction in the peak intensities of 
hatrurite and larnite phases (~32.25 and ~32.66◦ 2-theta) at 7days, and 
at 28days it showed a reduction of 11.7 and 8.5% in the corresponding 
peak intensities, in comparison to that of the OPC control mix. This 
signifies that there was an increase in the hydration reaction of the OPC 
content of BC5 at both 7 and 28 days of curing, which was also supported 
by the corresponding increase in its equivalent portlandite content at 
both the curing ages. The reduction in the C–S–H/C-A-S-H/AFm/Aft 
phases of BC5, in-spite of a small increase in the hydration reaction, 
could be attributed to the reduction in its ettringite content that showed 
7 and 10.3% reduction at 7 and 28 days of curing when compared to that 
of the OPC control mix. 

The X-ray tomographic analysis show 63% increase in the total 
porosity of BC5 than that of the OPC control mix (Table 6). This increase 
in the total porosity is most likely the reason behind the decline in its 7 
and 28-day compressive-strength results compared to that of the OPC 
control mix. The thermo-gravimetric analysis of BC5 shows a consider
able increase in the calcite content of BC5 compared to that of the 
control mix. However, the only source of carbon present in BC5 is pure 
residual carbon produced from the pyrolysis of organic compounds 
present in biosolids, which are non-reactive at room temperature. Pre
vious study by Yang et al. [59] on conversion of biosolids into biochar 

Fig. 5. Thermogravimetric derivative curves of hydrated cement composites.  
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found that is it is highly porous in nature, that can trap atmospheric CO2 
in its pore structure. This trapped CO2 is most likely responsible for the 
carbonation of the residual portlandite, resulting in the increase in 
calcite content in comparison to that of the OPC control mix. 

3.2.4. Replacement of ordinary portland cement with 10% biochar 
With a further increase in the replacement of biochar to 10% in 

BC10, there was 36.2% and 25.6% reduction in the compressive strength 
at 7 and 28days, respectively, compared to that of the 100% OPC control 

Fig. 6. XRD of hydrated cement composites.  

Table 5 
TGA analysis of hydrated cement composites.  

Mix. C–S–H/C-A-S-H/Aft/AFm (%) CAH (%) CHi (%) CCi (%) CHet (%) 

7 day 28 day 7 day 28 day 7 day 28 day 7 day 28 day 7 day 28 day 

C 8.52 10.50 1.54 1.90 12.45 13.16 8.22 7.95 18.53 19.05  

BS5 7.55 9.34 1.94 2.10 12.60 13.77 10.20 12.52 20.15 23.03 
BC5 7.88 9.28 1.84 2.00 11.69 10.89 12.55 12.94 20.98 22.27 
BA5 9.82 9.88 1.75 1.92 10.79 11.11 7.28 7.66 15.21 15.55  

BS10 4.93 9.14 – 2.32 a 10.61 11.86 17.21 8.78 23.35 
BC10 7.90 10.26 1.86 2.19 10.70 11.32 12.77 16.86 20.15 23.80 
BA10 9.43 9.52 1.73 2.04 9.64 9.07 7.92 8.20 15.50 15.14  

a Negligibly small amount of portlandite as identified in the X-ray diffractogram. 
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mix (Fig. 4). This reduction in strength was considerably higher than 
what was observed in BC5. The TGA data of BC10 showed similar mass- 
loss of the chemically-bound H2O from the C–S–H/C-A-S-H/Aft/AFm 
phases at 7-day; however, at 28-day, it showed a considerable increase 
in comparison to that BC5. The hatrurite and larnite phases of 7-day 
BC10 showed 14 and 14.5% increase in their XRD peak intensities, 
indicating a reduction in the hydration reaction compared to that of 
BC5, which was also evident in the reduction in its equivalent total 
portlandite content (CHet). The ettringite peak intensity of BC10 showed 
an increase of 9.8% compared to that of BC5. Even hemi-carboaluminate 
phase of BC10 showed an increase in its peak intensity compared to that 

of BC5. Therefore, BC10 having similar mass loss at 7 days as that of 
BC5, in-spite of the reduction in hydration reaction of BC10 most likely 
because of the increase in its ettringite and hemi-carboaluminate 
contents. 

At 28 days hatrurite and larnite peak intensities showed a reduction 
of 6 and 0.4%, compared to that of BC5, the average of which is lower 
than what ideally should have reduced with the 5% reduction in the OPC 
content of BC10. This indicates there was a small reduction in the hy
dration reaction of OPC component of BC10 due to the presence of 10% 
biochar. The peak intensities of ettringite and hemi-carboaluminate 
increased further at 28 days, which is most likely the reason behind 
the increase in mass-loss linked to the C–S–H/C-A-S-H/AFm/Aft phases. 
Therefore, The X-ray tomographic analysis show 180% increase in the 
total porosity of BC5 in comparison to that of the control mix and 71% 
higher than that of BC5. Therefore, the reduction in hydration reaction 
and the increase in total porosity of BC10 are most likely the reasons 
behind the reduction in its 7 and 28-day strengths compared to both BC5 
and the control mix. The increase in the calcite content and the total 
porosity of BC10 than that of BC5 is most likely because of the increase 

Fig. 7. X-ray tomography reconstructed images of hardened mortar samples.  

Table 6 
Total porosity obtained from micro computed tomographic analysis of hardened 
mortar samples.   

C BS5 BC5 BA5 BS10 BC10 BA10 

Total Porosity (%) 0.79 9.91 1.29 0.72 16.92 2.21 0.76  
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in biochar content that can entrap more air due to its porous structure. 
The density of air being very low, gets displaced by the water of hy
dration present in the mortar mix. The CO2 present in the entrapped air 
carbonates the portlandite released into the cement matrix, resulting in 
the increase in calcite content and some unreacted air gets trapped 
during the hardening process thereby increasing its total porosity. 

Previous studies on the effect of the addition of biochar as a cement 
replacement material show that they absorb a proportion of the mixing 
water because of their high surface area, pore volume, and water ab
sorption capacity, which results in a reduction in the total water/cement 
ratio in the biochar replaced cement [60,61]. This absorbed water also 
helps in the internal curing of the cement matrix. Therefore, the 
reduction in the effective water/cement ratio and internal curing pro
vided by the water stored in the capillary pores of biochar helps in 
recovering the strength loss to some extent due to the reduction in the 
cement content in the blended mix designs [61–63]. 

3.2.5. Replacement of ordinary portland cement with 5% bioash 
On partly replacing OPC with 5% bioash in BA5, there was 8.3% and 

18.1% reduction in the corresponding 7 and 28 day compressive 
strength compared to that of the 100% OPC mix. However, compared to 
that of BC5, BA5 showed 14.2% increase at 7 days and 10.1% reduction 
at 28days. The TGA data showed a considerable increase in the 
chemically-bound water from the C–S–H/C-A-S-H/AFm/Aft phases, 
compared to that of BC5, at both 7 and 28days of curing. The XRD dif
fractograms show a reduction in the peak intensities of hartrurite and 
larnite phases at 7 days, however, at 28 days the intensities of these 
peaks were higher than that of BC5. This indicates that the hydration 
reaction of the OPC component of BA5 accelerated at early ages (uptil 7 
days), compared to that of BC5 due to the presence of bioash. However, 
it showed a slowed down reaction past 7 days as evident in the reduction 
in hatrurite and larnite phases at 28 days. The ettringite, hemi- 
carboaluminate and mono-carboaluminate phases also show an in
crease in the intensities of the XRD peaks in comparison to that of BC5. 
Therefore, the increase in the 7 days strength of BA5 in addition to a 
considerable increase in the mass-loss from the C–S–H/C-A-S-H/Aft/ 
AFm phases, is most likely because of the increase in hydration reaction 
and the corresponding increase in ettringite, mono-carboaluminate and 
hemi-carboaluminate phases. 

Beyond 7 days, there was no noticeable change in the ettringite 
content, but a small conversion of hemi-carboaluminate to the mono- 
carboaluminate phase was observed. In addition, the hydration reac
tion of the OPC component of BA5 also slowed down. However, the X- 
ray tomographic data showed an improvement in the total porosity of 
BA5 compared to that of the BC5. The increase in the chemically bound 
water of BA5 compared to that of BC5 at 28 days is most likely because 
of the increase in ettringite, mono-carboaluminate and hemi- 
carboaluminate phases, and the reduction in its 28 day strength is 
most likely because of the reduction in the hydration reaction of its 
(BA5) OPC component. The reduction in the total porosity of BA5 in 
comparison to that of BC5 must have provided a positive contribution; 
however, the reduction in its (BA5) hydration reaction may have been 
more dominant in reducing its 28-day strength. Interestingly, BA5 
showed a substantial reduction in its 7 and 28-day calcite content in 
comparison to that of both BS5 and BC5, indicating that bioash does not 
provide any contributing factor that carbonates the residual portlandite 
content as was observed in BS5 and BC5. 

3.2.6. Replacement of ordinary portland cement with 10% bioash 
With a further increase in the replacement of bioash to 10% in BA10, 

there was 29.3% and 33.9% reduction in compressive strength at 7 and 
28days, respectively, compared to that of the control mix. The thermo- 
gravimetric data of BA10 showed a noticeable increase in the 
chemically-bound H2O from the C–S–H/C-A-S-H/AFm/Aft phases at 
7days; however, at 28 days it showed a noticeable reduction in the 
corresponding group of phases, in comparison to that of both the control 

mix and BC10. The XRD diffractograms show a reduction in the peak 
intensities of hartrurite and larnite phases at 7 days; however, at 28 
days, the intensities of these peaks were higher than that of BC10. This 
indicates that the hydration reaction of the OPC component of BA10 
accelerated at early ages (until 7 days), compared to that of BC10 due to 
the presence of bioash. However, it showed a slowed down reaction past 
7 days as evident in the reduction in hatrurite and larnite phases at 28 
days. A similar trend was observed in BA5 compared to that of BC5. The 
ettringite, hemi-carboaluminate and mono-carboaluminate phases also 
showed an increase in their peak intensities compared to that of BC10. 
Therefore, the increase in the 7 days strength of BA5 in addition to a 
considerable increase in the mass-loss from the C–S–H/C-A-S-H/AFm/ 
Aft phases. This is most likely because of the increase in hydration re
action and the corresponding increase in ettringite, mono- 
carboaluminate and hemi-carboaluminate phases. 

Beyond 7 days, there was no noticeable change in the ettringite 
content, but a small conversion of hemi-carboaluminate to the mono- 
carboaluminate phases was observed. In addition, the hydration reac
tion of the OPC component of BA10 also slowed down from 7 to 28 days 
of curing. However, the X-ray tomographic data showed a considerable 
improvement in the total porosity of BA10 in comparison to that of the 
BC10. The decrease in the 28-day strength of BA10 in comparison to that 
of BC10 is most likely because of the reduction in its (BA10) hydration 
reaction that was evident. The reduction in its total porosity does not 
appear to have been dominant enough compared to the reduction in its 
hydration reaction, that resulted in its strength reduction at 28 days 
compared to that of BC10. A similar trend in a significant reduction in 
the calcite content of BA10 compared to that of BS10 and BC10 was 
observed as BC5 showed in comparison to that of BS5 and BC5. This 
reinforces our earlier observations that both biosolids and biochar pro
vided the contributing factors that resulted in the partial carbonation of 
portlandite contents of BS5 and BC5. 

Similar findings on the increase in hydraulic/pozzolanic activity 
using sewage sludge ash was reported by Ref. [64]. However, the 
reduction in the OPC content is more prominent in reflecting the 
reduction in its 7 and 28-day compressive strengths than the increase in 
hydraulic/pozzolanic activity. Similar findings were reported by Refs. 
[65,66]. 

4. Conclusions (C) and recommendations for future work (R) 

C1 Earthy green colour of biosolids imparted by the organic com
pounds present in it was converted to black in colour after pyrolysis, due 
to destruction of organic compounds leaving behind amorphous carbon- 
rich biochar. However, the thermal oxidative destruction of biosolids 
not only destroyed its organic content including the organic carbon, 
leaving behind brown coloured bioash powder, which gets its colour 
from the presence of high amount of ferrous oxide content. 

C2 Biosolids blended cement composites produce large amount of 
CO2 gas due to the reaction of alkaline portlandite with the organic 
content present in the biosolids, leading to a significant increase in its 
total porosity, which increases with the increase in the biosolids content. 
This significant increase in the total porosity of the biosolids blended 
cement composites brings about a substantial reduction in its 7 and 28- 
day compressive strength results. 

C3 Among all the three forms of biosolids (i.e., raw, pyrolyzed, and 
ashed), biochar provides the best performance as a cement replacement 
material, that provides the lowest reduction in its compressive strength 
results. 

R1 The increase in total porosity with the addition of biosolids could 
help in achieving various targeted benefits, such as the reduction in 
concrete density, improvement in its freeze-thaw resistance, fire resis
tance, thermal insulation, and acoustic properties. Therefore, it can be 
used as an alternative to air entraining admixtures that are currently 
being used, that forms part of a recommendation for the future research. 

R2 Previous research on biochar [67] has shown that it provides 
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additional benefits like humidity control, low thermal conductivity, 
insulation, noise protections, binding of volatile organic compounds, 
protection against electromagnetic radiation, anti-bacterial/fungicidal, 
and air cleaning properties. These properties can be investigated as 
part of the recommendations for future work on the biochar derived 
from biosolids. 

R3 Since durability properties are key before any new product can be 
accepted by the construction industry, long term durability studies are 
required to be carry out on cement composites containing biosolids, 
biochar and bioash, that form part of the recommendations for the 
future work. 

R4 Presence of chloride [68] and phosphorous [69] contents can 
have negative effect on the reinforced concrete applications if they are 
present in large quantities. Their concentration should be identified in 
the raw materials, and if present in large quantities, their individual 
effects should be studied in detail. 
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