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Abstract

This investigation focuses mainly on highlighting the contribution of the IR
spectrum of the mineral matrix in co-composts after removing the organic phase by
slow pyrolysis. The mineral matrix is still confusion subject in the interpretation of
FTIR spectra of co-composts. The XRF and XRD analysis of the low pyrolysis
substrates of sewage sludge and date palm waste during six months of co-
composting, show that the mineral fraction is homogeneous in the samples and that
the inorganic matrix consists mainly of silica and carbonates including a residual
* Corresponding author: portion remaining after pyrolysis. The comparison of FTIR spectra of heated
loubna.elfels@gmail.com samples at 105°C and 650°C shows that the 3500-3280 cm™ region characterises
Received 06 March 2017, essentially the hydroxyl groups OH (v(or)) Of water molecules. The observed bands
Revised 17 September 2017, in this region provide information on the co-compost hydrophilic nature but can
Accepted 22 Sept 2017 only provide limited information about the humic substances composition. The band
at 1035 cm™, assigned commonly to organic material, which persists after the

thermal treatment, should be assigned for the Si-O vibration of silica.
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1. Introduction

Wastewater treatment plant produces considerable quantities of sewage sludge. The possibility of sludge evacuation is
limited and the problem increases with the underestimated solutions taken into account when wastewater plants are
being designed. The composting process is one of the best waste treatment technology which facilitates the recycling
of organic matter, especially sewage sludge, which is biologically degraded by micro-organisms to humus-like
substances (HS). These end products are one of the keys used to identify the composting substrates maturity [1, 2, 3].
Several pathways were proposed to explain and understand the humification mechanisms. Chefetz et al. [4] showed
that the biodegradation followed by an accumulation of recalcitrant compounds is one way for HS formation. A
second mechanism, during which the polyphenols undergo a condensation and accumulation, was proposed by [5, 6].
A new hypothesis was provided; it involves a selective preservation of resistant aliphatic hydrocarbons formed during
microbial biosynthesis [7]. Regardless of the following mechanism, the composition of the formed HS is linked to the
starting raw matter and the humification conditions during the process [8]. Various spectroscopy and analytical
methods (EPR, UV / VIS, *C NMR, and FTIR) are used to characterise and study the properties of substances formed
by the humification process. The FTIR spectroscopy is one of the techniques largely used to study different samples
without any previous chemical treatment likely to cause inappropriate reactions. Furthermore, this technique is widely
used to characterise the evolution of organic substrates, mainly humic acid (HA) extracted from sewage sludge and
bottom sediments [9], HS fraction extracted from the soil and from composted waste, such as sewage sludge [3, 10];
In addition to identifying the functional groups by their frequencies characteristic, it is possible to follow the HS
composition by comparing the relative intensities of some absorption bands [11, 12]. The disappearance or the
appearance of new bands in the FTIR spectrum provides information about the matter evolution and its interaction
with heavy metals when they are present in sewage sludge [13, 14, 15, 16]. However, the indexing of FTIR spectra at
different stages of the composting sewage sludge and palm waste evolution remains complicated considering the
overlap of mineral phase bands with those of organic matter of the HS. In this case, it is difficult to attribute accurately
the FTIR spectrum absorption bands in the 3500-3280 cm™ and 1200-1000 cm™ regions. As reported by [10, 17] in the
case of HS extracted from compost, even after their purification, there often remains a relatively large portion of the
mineral fraction that provides characteristic bands in FTIR spectrum that overlap with those of HA. The profile and
position of the observed bands in these regions of the FTIR spectrum vary from one investigation to the another, and
various attributions were made: (i) the broad and intense asymmetrical band appearing toward the 3450-3280 cm™ was
attributed to stretching vibrations of the OH groups bound by hydrogen bonding and NH groups of HA extracted from
soil or sewage sludge [8, 9, 18]. (ii) the bands appearing in the 1200-1000 cm™ region, in the HA sewage sludge
spectrum have been the subject of various attributions. According to [9], these bands were attributed to aromatic ethers
stretching vibration or to the Si-O; likewise to the stretching vibration of C-O-C in the carbohydrates, or to aromatic
ethers and polysaccharides [16, 19, 20, 21]. Furthermore, Laurent et al. [22] attribute it to the OH stretching vibration.
More specifically, Smikovic et al. [23] attribute the band at 1035 cm™ to the mineral matter fraction in case its
intensity and its frequency remain stable after thermal destruction of soil organic matter by heating at 225°C. The
literature data show that the bands situated at 3500- 3280 cm™ and 1200-1000 cm™ of the FTIR spectrum characterise
both the mineral fraction and the organic substances. However, the heated matter at 225°C does not confirm the total
organic matter elimination in order to assign the residual FTIR spectrum bands especially to the mineral phase. In fact,
thermal changes of sewage sludge fractions are complex and a number of successive reactions are involved. Those
reactions depend on the sewage components and the thermal conditions, such as heating rate, duration, temperature,
oxygen availability and the rehydration of the sample during the cooling. Current studies on thermal threatment are
focused mainly on studying: (i) the mineralogical analysis of the impact of incineration conditions of paper mill sludge
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on its compatibility with the Portland cement [24], (ii) volatile chemicals and pathogens removal by brief and intense
heating systems, in order to obtain a disinfected end products [25], (iii) the tubular pyrolyzer for the dried products in
order to explore and analyse the gases production and organic volatile compounds by thermogravimetric-FTIR [26].
Studies on the calcination of composting substrates, in order to emphasise on the contribution of the inorganic matrix
in the FTIR spectrum, were not widely discussed. The main objective of this study is to emphasise on the contribution
of the mineral matrix to the FTIR spectrum in a co-composting sewage sludge and waste palm after effective removal
of the organic phase by slow pyrolysis.

2. Material and Methods

2.1. Sampling and co-composting trial

Sewage sludge from Marrakech treatment plan was composted with palm waste as follows: sewage sludge/ palm
waste 50/50 (v/v), as mentioned in previous studies [27]. During co-composting process, the homogeneous samples (1
Kg) (0, 1, 2, and 6 months) were obtained by carefully mixing of several sub samples taken at different windrow point
and quartering. The main physico-chemical parameters of co-composting substrates are presented in table 1.

Table 1: Main features of co-composted substrates according to [27]
Parameters Sludge Palm date waste
pH 6.45+0.09 6.31+0.08
Moisture (% FWt) 46.46+0.26 25.10+0.21
Ash content (% DWt) 43.80+0.02 9.0+0.1

TOC (% DWt) 31.20+0.11 50.5+0.6
KTN (% DWt) 1.50+0.2 1.36 +0.24
CIN 20.8 37.13

FWt: Fresh weight; DWt dry weight; TOC: total organic carbon; KTN: Kjeldahl total nitrogen

2.2. Thermal treatment

Previously dried samples were thermally treated by pyrolysis in ceramic pots on a fixed bed using a muffle furnac
(FERRO). The temperature rise is linear and was programmed at 5°C / min up to 650°C, at this temperature the
calcination of the samples holds about 6 hours. The cooling is carried out at closed oven.

2.3. Chemical analysis by X-ray fluorescence (XRF)
The analyses of the chemical composition of the compost samples calcinated at 650°C were performed by a X-ray
fluorescence spectrometer (Pioneer XRF-S4) using Spectra PLUS software with the Eval interactive evaluation.

2.4. XRD analysis

Dried samples at 105°C and the calcinated samples at 650°C were milled and analysed by the diffraction technique,
using the (diffractometre) Philips X'PERT, a copper anticathode wavelength . = 1.540560 A operating at 40kV and
40mA. The data acquisition is carried out by a control unit for angles 2 theta (20) between 5 and 70° diffractograms
processing were performed using the X'Petrt HighScore software. The indexing phase is based on the comparison of
the XRD database ASTM (American Society for Testing and Materials) by comparing the inter-reticular distances of d
to angles 26. The database used for the identification of the phases is PDF2 (2004) Converted High Score-Banc.
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2.5. Fourier transform infrared spectroscopy (FTIR) analysis

Each treated sample (at 105°C and 650°C) was mixed with dried potassium bromide (Kbr) with a (sample/ Kbr, 2:200
mg) ratio. The mixture is then compressed under vacuum. The pellets were analysed covering a frequency range of
4000-400 cm™ using a Bruker Vertex 70 FTIR spectrometer equipped with a DTGS detector and OPUS software 6.5
(128 scans at a resolution of 2 cm™ were carried out). The spectral data are obtained as values of absorbance.

3. Results and Discussion

3.1. XRF elements composition analysis

Table 2 present the XRF results. The main elements present in different co-composting stages are presented as oxides
form. It was noted that the composition is homogeneous. The different co-composted samples are poor in aluminium.
However, silicat and carbonat exhibit a high level. During co-composting, the total content of metallic trace elements
(MTE) such as copper, zinc, lead and chromium is low. These results confirm the sludge sandy texture and the low
clay character. A relatively large proportion of phosphate and potassium is present. Towards the end of the co-
composting, the total of mineral elements increases and the rate of the organic material decreases. The ignition loss is
high for all samples ranging from 55.82 to 56.08% that indicates a significant rate of organic matter in the compost.

Table 2: Chemical composition using X-ray fluorescence analyses
Components  Calcinated samples
Co-composting time (months)
0 1 2 6

Si0, 17.84 1930 20.30 19.32
AlLO; 560 472 404 4.37
Fe,0; 105 088 076 0.80
MgO 298 336 376 3.44
Ca0 763 677 617 643
Na,O 067 074 077 0.77
K,0 133 176 195 1.92
TiO, 017 013 010 0.13
P,Os 303 270 236 245
s03 286 261 259 296
cl 051 094 122 127
Cr,0; 002 002 002 002
MnO 002 002 002 002
ZnO 004 003 003 0.03
CuO 001 001 001 001
PbO 001 001 000 0.01

Total mineral 43.76 43.99 4410 4494
Ignition loss  56.13 55.82 54.92 56.08
Total 99.89 99.81 99.02 100.02

3.2. XRD mineralogical analysis
The XRD patterns of heated sample at 105°C (Figure 1) show the presence of amorphous or poorly crystallized
phases. Nevertheless, at (20 =15-25), a characteristic peak of cellulose fibers (Cel) was observed.
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Figure 2: DRX analyses of calcinated compost samples at 650°C
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Figure 3: DRX comparison between compost samples before and after calcination

The cellulosic compounds are linear biopolymers of anhydrocglucose, which by their hydrogen bonding lead to
cellulose crystallised forms. The crystal structure is characterised by a large band in the region (20 = 21.3-22.6)
corresponding to the 002 diffraction plane [28]. The XRD analysis of the samples thermally treated at 105° C and
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650° C (Figure 2) have the same profile. However, at 650 °C, the characteristic peak of cellulose disappears
completely. These results are in agreement with the studies on cellulose thermal degradation, ranging from 390 to
600°C. Nevertheless that is linked to inorganic fraction rate [29]. Moreover, by comparison with quartz peak (26 = 25-
30 region), the XRD of calcinated samples show a clear decrease of carbonates which are not completely eliminated at
this temperature (Figure 2, 3). After calcination at 650°C no new phase was observed by DRX. Residual peaks
indexed taking into account the composition given by XRF showed that the present phases are silica, calcium as
hydrophilite carbonat forms (CacCl,), sulphate (CaSQ,), and phosphorus that is probably as berlinite (AIPO,). This
could explain that overall organic matter degraded at 650°C and only mineral fraction persists

3.3. FTIR analysis

The FTIR spectra of all samples (Figure 4) showed that no bands were observed in the 3600-3700 cm™ region. This
spectrum region characterises the phylloscilicate phases as kaolins, micas and illite. These results are in agreement
with the XRD analysis, which showed no peak at low values of 0, and with the XRF data, which show a high
percentage of silica compared to alumina that could explain the silicate composition of co-composted substrates.
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Figure 4: IR spectra of calcinated compost samples

The thermal treatment causes significant changes in intensities and positions of the absorption bands. Compared with
the spectrum of the heated sample at 105°C (Figure 5, Table 3), the FTIR spectra of the calcinated samples at 650°C
show:

e A decrease in intensity of the bands of stretching vibration of OH groups, which are located at 3406 cm™ and
3280 cm™.

e The total disappearance of the epaulement located at 1236 cm™, and the bands located in the region 3000 to
2800 cm™, which are characteristic of aliphatic C-H groups. That is due to the degradation of organic matter
by pyrolysis. Fernandez et al. [30] attributed the bands located at 2535, 1795, 1435 and 875 cm™ to calcite
compounds.

e A decrease of the intensities of bands situated at 2535, 1795, 1435 and 875 cm™. These frequencies are typical
for calcite. The persistence of some epaulements at 650°C shows that the carbonates are not completely
degraded.

e The persistence of two intense bands located in the region 1155-1035 cm™, are characteristic of silica.
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Figure 5: IR spectra comparison between compost samples before and after calcination

The FTIR spectra show that the calcination of samples causes on one hand, a complete disappearance of some bands.
That could explain that thermal treatment removes the phases associated with these bands. On the other hand, the
thermal treatment causes the decrease in the intensity of some bands, which remain located on the same wavenumbers.
However, others bands are dislocated and decrease in intensity such as the bands at 3406, 3280, 1650 and 1085 cm™
which are dislocated respectively to 3445, 3236 1636 and 1120 cm™ after calcination (Figure 5). The organic matter
rate, temperature, heating period, availability of oxygen and the hydration rate of the sample during cooling could
explain these data. The literature data show different conditions to specific degradation of organic matter,
nevertheless the phenomena that occur during the calcination are still controversial. Fernandez et al. [31] showed over
than 75% of the holocellulose losses from two different humic soils at 220°C; and the lipidic fraction exhibited
different thermal resistance in both soils, showing losses of 73% in one case and only 11% in the other. However at
350°C, holocellulose practically disappeared and lignin losses were significant. In another study, heating at 225 ° C
for 5 hours led to a reduction of 13% of organic substances [23]. The low pyrolysis used in the gasification of wood at
450°C for 2 hours, occurs the degradation of cellulose and lignin; and the remaining residue is composed primarily of
coke and mineral [32]. A Recent thermogravimetric study [26], shows that between 276 and 454°C, there occurs not
only proteins and carboxyl groups decomposition but also the cracking of carbon refractories such as aromatic ring, N-
alkyl long chain structures and some saturated aliphatic chains [17, 26]. At temperature range 492-720°C, the mass
loss observed was attributed to the decomposition of inorganic materials such as calcium carbonate [33]. However,
Frias et al. [34] showed that the calcination at 650°C for 2 h leads to the total destruction of organic fibers, and a low
decarbonatation of calcite. That could explain that organic matter fraction is completely degraded at 650°C for 5
hours. Our FTIR analysis spectra are based on the assumption that the residual bands characterize only the mineral
matrix. The asymmetric band in the region 3500-3280 cm™ of the dried sample at 105°C, could point two components
located at 3406 cm™ and 3280 cm™, which their intensity decreased and dislocated respectively to 3445 and 3236 cm™
after pyrolysis (Figure 5, Table 3). It was showed also that the band located at 1636 cm™ persists after calcination.
Similar bands were observed at 3443 and 1632 cm™ in the IR spectrum of paper sludge pyrolysed, which have been
respectively assigned to the stretching vibrations of hydroxyl water v(o.) and its deformation (dow)) [30]. Several
authors attributed these bands to water molecules which are interacting, but are not able to develop extensive chains or
networks such as hydrated smectites at 3450, and 3350 cm? [35]; water in the H,O/AOT/i-octane micelles, at 3455,
and 3290 cm™ [36], water in polyvinyl chloride polymers and the polythene tetraphthalate at 3510 and 3380 cm™ [37].
Clegg et al. [38] demonstrated that a rehydration phenomenon occurs during cooling of clays previously heated at
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500°C in air or in controlled atmosphere. That could explain the dislocation of the band from 3406 to 3445 cm™ after
pyrolysis at 650°C (Table 3). The other bands located at 3430 cm™ and 3260 cm™ disappear almost completely at
400°C.

Table 3 : Characteristic bands of sludge mineral matrix

Wavenumbers (cm™) Attributions

Dried samples at 105°C  Calcinated samples at 650°C

3405 3445 Water stretching vo.y

3280 3236 Water combination 26y. 0.4
2535, 1795, 1435 et 875 1435, 875 Carbonates vibration

1155 1155 Silica vibration

1080 1120 Silica vibration

1035 1037 Si-O vibration

A rehydration phenomenon occurs during cooling of the sample allows the appearance of a band located at 3450 cm™,
higher than that of unheated sample (3430 cm™). The other band appeared at the same wavenumber as the starting
sample 3260 cm™. These bands have been attributed to water molecules that associate with phases resulting from the
heat treatment. It was noted that the hydroxyl behaviour before and after calcination of our samples is similar to
hydroxyl in the major minerals involved in the chemical and mineralogical transformation of hydrated phases during
their calcinations. In the event that the potential function describing these water molecules is similar to that of the
hydrated phases, we assign the band at 3406 cm™, on the FTIR spectrum of the dried samples at 105°C, to stretching
vibration v(o.y Of hydroxyl groups of water molecules. The masked band by the presence of the organic matter
contained in the dried sample at 105°C and which is highlighted at 1636 cm™, could be attributed to the deformation
mode (dHony) after calcination. As to the component located at 3280 cm™ on the dried sample spectrum, and which is
dislocated after calcination to 3236 cm™, is probably due to a combination of the deformation mode (S(Hory) Observed
at around of 1636 cm™.In the region 1200-1000 cm™, we identified a poorly resolved massif consists of two bands
located at 1155 and 1080 and 1035 cm™. Those bands are located at 1150, 1120 and 1037 cm™ after calcination.
Similar bands were observed at 1150 and 1080 cm™ in the case of amorphous silica [30]. It is likely that the heat
treatment promotes the crystallization of the amorphous silica which results in the appearance of well-resolved bands
located at the same frequency as those found on the FTIR spectrum of the quartz [31]. These data are in agreement
with the results of the composition obtained by XRF, which show the existence of the major mineral phases of silicate
nature. The FTIR spectra are also in agreement with the XRD diagrams, which show a better crystallisation after
pyrolysis. The band at 1035 cm™ (located at 1037 cm™ after calcination) is insensitive to the pyrolysis that could be
attributed to Si-O vibrations of the silica present in the samples (Table 3). The presence of similar bands in this region
of the FTIR spectrum is very common when the IR spectrum is recorded from a soil, which not has been subject of a
specific extraction method [17, 39]. Even after HA extraction, a rat of about (6.35% Ash) of mineral fraction remains.
A dislocated band at 1035 cm™ was attributed to Si-O vibrations of clay impurities and indicates the presence of clay
material, which is not completely removed during the purification process [8, 40].

4. Conclusion
Assessment of organo-mineral fraction during six months of co-composting of sewage-lignocellulosic waste by FTIR
analysis was investigated. The XRD data show a series of diffraction peaks corresponding to the crystallised phases
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and background noise whose form indicates the presence of poorly crystallised phases. The silica, calcite, and quartz
are the main compounds of mineral fraction of co-composted substrates. This result shows that the samples taken at
different stages of co-composting seem to have the same mineral composition. FTIR spectroscopy analysis, shows that
the region 3500-3280 cm™ is characteristic of water molecules. The appearing inorganic, wide and intense bands in
this region hide the organic matter footprint. Nevertheless, this region indicates of the organic matter and its ability to
interact with water molecules thus causing the movement of voy characteristics of the water molecules, and the water
molecules of organic matter. Consequently, the data in this region provide information on the interaction between
organic matter and water molecules. However information on the composts organic matter composition is limited. The
spectrum region 1200-1000 cm™ characterises especially sewage sludge silica. The identified fine and intense band at
1035 cm™ is attributed to Si-O. With important molar extinction coefficient, its intensity even at heat treatment
suggests the opportunity of using this band as internal standards for semi-quantitative studies on the organic matter
evolution during co-composting.
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