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Laboratoire d’Ecologie et Environnement, Faculté des Sciences Semlalia, Cadi Ayyad University, BP 2390, Marrakech, Morocco
Ecole Nationale de Formation Agronomique, Route de Narbonne, 31320 Auzeville Tolosane, France
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a b s t r a c t

In Marrakech, solid by-products from tanneries are highly polluting, generating large amounts of nitroge-
nous and organic matter. In the present study composting is tested as a cost-effective method for waste
management to overcome many of the environmental hazards and produce a stable, rich material for soil
fertilization. Two composting trials were conducted after neutralization by ammonia or lime. The aim of
the neutralization was to avoid the antimicrobial effects of the acidity in the tannery waste, thus ensur-
ing correct composting. Different techniques such as elemental analysis and 13C NMR spectroscopy were
applied to analyse humic acids isolated from raw and composted materials, and to monitor the process of
tannery waste composting, and the stability and maturity of the final product according to the means of
neutralization. Comparison of data showed similar behaviour in both trials, but the composting process
appeared to be more complete following neutralization with lime. The C, H and N content decreased,

13
aturation while the O increased. The FTIR and C NMR spectra show the decrease of aliphatic compounds demon-
strated by the reduction of absorbance around 2922 cm−1 and of the resonance in the C-alkyl area around
0–55 ppm. The humic acids newly formed during composting were richer in the O–N alkyl and oxidized
aromatic structures that increased almost twofold on composting after neutralization with lime. The first
principal component axis PC1 (54%) separated C-aliphatic, C-carboxylic and other less stable and less
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polycondensed compound
C-aromatic compounds.

. Introduction

Leather processing or tanning consists in the transforma-
ion of animal skin to leather using different chemical and

echanical processes to clean the skin of meat, fat and hair
1]. Pre-tanning involves numerous operations, such as curing
dehydration)–soaking (rehydration), liming (swelling)–deliming
deswelling), pickling (acidification)–depickling (basification) [2].
urthermore, it subjects the skins or hides to wide variations in pH
3]. Such changes in pH demand the use of acids and alkalis. These
perations lead to the generation of salts and result in a net increase
n chemical oxygen demand (COD), total dissolved solids (TDS),

hlorides, sulfates, Cr3+ or tannins and other minerals in tannery
astewaters [1]. In Marrakech city, traditional and industrial tan-
eries are a great environmental hazard, because of the difficulty

n disposing of the highly polluting liquid and solid by-products
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h as polyphenols from the more polycondensed O–N alkyl and oxidized

© 2008 Elsevier B.V. All rights reserved.

4–6]. The solid by-products are estimated to amount to around
80 kg per tonne of treated skins for tanned waste and 330 kg per
onne for non-tanned wastes [7]. As they are discharged into the
nvironment without previous treatment, the solid waste causes
xtensive harmful effects due to: (i) inorganic pollution especially
y Cr, (ii) the presence of pathogens—mainly of faecal origin and
iii) organic pollution due to the high organic load [5,8]. The solid
aste originating from Cr tanning plants is mainly composed of

anned residue, hair, lime, plus chromium sulfide which makes
heir treatment by biological processes difficult [9]. In contrast,
he waste originating from traditional units using vegetable tan-
ing are composed of tannin residues, hair, wheat bran and lime,
ut are exempt of Cr [6]. Thus, the latter wastes could be used in
gricultural recycling considering that they may provide a lot of
itrogen and organic matter [7,8]. Among the techniques used to

repare waste for agricultural applications, composting is a use-
ul way to produce a stabile product that overcomes many of the
roblems encountered during spreading or in the future [10–13].
urthermore, composting is recognized as a cost-effective method
or waste management, it has been updated to process organic

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hafidi@ucam.ac.ma
dx.doi.org/10.1016/j.jhazmat.2008.03.017
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Table 1
Physico-chemical characteristics of elements of waste produced during tanning and of both mixtures M1 and M2 prepared for composting

pH Moisture (%/fw) TOC (%/dw) TKN (g/kg dw) C/N Ash (%)

Tanned residues 3.56 ± 0.17 60.8 ± 0.8 37.7 ± 0.54 13.5 ± 0.2 27.9 ± 0.43 16.9 ± 0.78
Wheat bran 4.60 ± 0.43 87.6 ± 1.4 46.5 ± 0.28 26.2 ± 0.27 17.7 ± 0.11 12.8 ± 0.53
Hairs 8.40 ± 0.66 64.3 ± 2.1 28.9 ± 0.4 67.2 ± 1.05 4.3 ± 0.0 49.3 ± 0.29
M 2.3 ±
M 9.5 ±
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ixture M1 6.8 ± 0.13 60.9 ± 0.08 4
ixture M2 6.2 ± 0.46 61.8 ± 0.18 3

OC: total organic carbon; TKN: total Kjeldhal nitrogen, fw: fresh weight; dw: dry w

aste of different origins, such as sewage sludge, animal manure
nd agro-industrial waste [14–16].

Composting is commonly defined as aerobic biological decom-
osition in which part of the organic matter is biotransformed to
ield stable humic-like substances (HS) [17–19]. These substances
llow a well-balanced release of nutrients upon their slow decom-
osition, and improve soil structure and cation exchange capacity.

Accordingly, many authors consider the amount and chemical
tructure of the humic material as important indices for assessing
he stability and maturity of the compost and hence its agronomic
alue [20–22]. However, many difficulties arise due to the stochastic
ature of humification, the formation of HS from plant and animal
esidues follows no genetic code and occurs stochastically. It pro-
uces an immense structural heterogeneity and polydispersity of
umic substances [23].

This study aimed to investigate the potential of solid tannery
aste compost and the possible means of neutralization of the

cidity of the tanning residues using lime or ammonia to avoid
ntimicrobial effects. Accordingly, various physico-chemical and
pectroscopic methods have been used to analyse the humic acid
HA) fraction isolated at initial and final times of composting.

. Materials and methods

The waste used was from a traditional unit in the old town of
arrakech city after some preliminary treatment to remove hair

nd fatty materials. The waste was tanned residues, wheat bran and
he remaining hair. The physico-chemical properties of the waste
nd of both mixtures M1 and M2 to be composted are presented
n Table 1. Each mixture is composed of 93% tanned residues, 5%

heat bran and 2% hair to obtain an optimum C/N ratio for micro-
ial activity (near to 30). The trials on both mixtures (M1 and M2)
iffered only in the way the acidity of the mixture was neutralized.
he first trial (M1) was neutralized by carefully mixing 3.27 g of
ime (slightly crushed) to 10 kg of the above mixture, the second
M2) by adding 3 ml of a 26% solution of ammonia to another 10 kg
f the above mixture [24]:

M1: 93% tanned residues + 5% wheat bran + 2% hair + 3.27 g lime.
M2: 93% tanned residues + 5% wheat bran + 2% of hair + 3 ml
ammonia to achieve pH values of about 6.81 and 6.22, respec-
tively. The pH was measured from suspensions of 10 different
sub-samples of mixtures homogenized manually several times
to obtain representative readings.

To start composting of the two mixtures, 10 g of mature compost
as added as an inoculum to facilitate proliferation of microbial

ctivities. The composting was conducted in PVC mini-reactors
ith a capacity of 3.4 l (diameter: 10 cm; height: 50 cm), equipped

ith permanent airflow for composting under aerobic conditions.
uring the 20-day period of reactor incubation, CO2 release was
onitored and the temperature reached a maximum of 55 ◦C indi-

ating good development of biological activity in the course of
he stabilization phase of the composting process. When the tem-

t

•
•
•

0.82 13.02 ± 0.26 32.5 ± 0.79 15.0 ± 0.24
0.89 12.05 ± 0.39 32.8 ± 0.73 14.4 ± 0.36

.

erature of the mixtures returned to ambient values of about of
5 ± 3 ◦C, the product was stored for maturation in perforated plas-
ic bags for about 70 days. The mixtures were turned manually
ach week to avoid the slowing down of microbial activity. Samples
ere taken at start and end of composting (M1 or M2 = raw tannery
aste, CM1 or CM2 = the waste after 90 days of composting).

Various preliminary analyses were performed to investigate
he maturity of the compost for both mixtures (Table 1): pH was

easured in a l/10 (fresh waste/water) aqueous extract [14]. The
oisture was calculated after drying samples at 105 ◦C for 24 h.

otal organic carbon (TOC%) was measured according to the method
escribed by Aubert [25] and organic matter was calculated using
he formula OM% = TOC% × 1.72. Total nitrogen was determined by
he Kjeldahl method [26]. The inorganic nitrogen NH4

+–N and
O3

−N was analysed according to method described by Bremner
26]. After ignition of the dry sample at 550 ◦C (16 h) the level
f decomposition (Dec) was calculated according to the formula
14,27]:

ec (%) =
[

100 × (Af − Ai)
Af × (100 − Ai)

]
× 100

here Af is final ash and Ai is initial ash.
To assay the polyphenols, extraction was carried out with ethyl

cetate on 1 g of ground up fresh sample taken at different stages
f composting, which had been previously treated cold with: (1)
ethanol, (2) ammonium sulfate 40% + metaphosphoric acid and

) petroleum ether. The extract obtained was dehydrated at 35 ◦C,
nd the residue taken up in 2 ml of pure methanol. The polyphenol
oncentration was proportional to the intensity of reduced color of
dded Folin reagent, measured at 760 nm [24,28].

.1. Extraction of humic fractions

The HS were extracted after three treatments with 40 ml of dis-
illed H2O to remove the non-humic or water-soluble substances
sugars, proteins), to avoid interference between these compounds
nd actual humic substances. The extraction of HS was then carried
ut with 40 ml of NaOH (0.1 M). Extraction was repeated several
imes until colorless solutions were obtained. Centrifugation was
arried out at 4000 rpm for 15 min to recover the supernatants,
hich were filtered through Whatman paper (125 mm). The fil-

ered supernatants of each sample were combined and precipitated
y acid treatment with 1.5 M H2SO4 for 24 h at 4 ◦C. The precipitated
A were separated from the fulvic acid (FA) solution by filtration
nd redissolved in 0.1 M NaOH. The HA solution obtained was dia-
yzed with a Spectra-por membrane (1000 Da) to eliminate the
xcess of salts. The proportions of HA and HS were calculated by
eight difference after freeze-drying of a known volume of humic

olution. The FA was calculated by subtracting the amount of HA
rom the amount of HS. The humification ratio (HR) and humifica-

ion index (HI) were determined as follows:

HR = [(HA + FA)/TOC] × 100.
HI = (HA/TOC) × 100.
Degree of polymerisation = HA/FA.
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.2. Chemical and spectroscopic analysis of HA

The freeze-dried HA were analysed by various chemical tech-
iques, the samples analysed were: HM1, humic acids extracted

rom raw tannery waste neutralized by lime; HCM1, humic
cids extracted from the final composted tannery waste pre-
eutralized with lime; HM2, humic acids extracted from raw
annery waste neutralized with ammonium hydroxide NH4OH;
CM2, humic acids extracted from final composted tannery waste
re-neutralized by ammonium hydroxide.

.3. Elemental analysis was carried out for C, H, O and N using a
arlo Erba EA 1112

Fourier transform infrared (FTIR) spectra were recorded on KBr
ellets using a FTIR PerkinElmer 1600 spectrophotometer over the
000–400 cm−1 range, at a rate of 16 nm/s. The KBr pellets were
ade by pressing, under vacuum, a mixture of 2 mg of freeze-dried
A with 250 mg of dried KBr.

13C NMR spectra with 1H broadband decoupling were recorded
t 75.469 MHz on a Bruker AM WB 300 MHz Spectrometer. For solu-
ion state 13C NMR, samples were prepared by dissolving 80 mg
f freeze-dried HA in 2 ml of NaOD/D2O (0.5 M). The spectrum
as obtained using inverse-gated decoupling to suppress nuclear
verhauser enhancement to obtain quantitative results. Acquisi-

ion time was 0.98 s, relaxation pause was 1.8 s, pulse of 35◦, total
cquisition time was 72 h. Free induction decays were processed
y applying 50 Hz line broadening and baseline corrections. The
ntegrated areas of the spectra were: 0–50; 50–110; 110–165 and
65–200 ppm.

Principal component analysis (PCA) was used to correlate all the
arameters studied in both raw and composted mixtures using the
ackage SPSS 11.5 for Windows.

. Results and discussion

.1. Progression of composting

The various preliminary physico-chemical parameters used to
upervise the composting trials are presented in Table 2. Dur-
ng composting, both trials showed the same evolution, but

ith differences in the degree of decomposition of the starting
rganic carbon, which was greater in the trial conducted after
ime neutralization—CM1. Decomposition reached over 27% in
he latter case, while it remained close to 18% in the trial with
mmonia—CM2. The increase of moisture is due to decomposition,
r “mineralization”, reactions in the stabilization phase that release
ater. This occurred in both composts. The decrease of organic mat-

er and carbon reached 35% in CM1, but nearly 28% in CM2. In a
revious study, Hafidi et al. [24] showed that the pH neutraliza-
ion of olive mill wastewater before aerobic digestion enhanced the
evelopment of microbial activity and the humification process and
hat the degree of oxidation seems greatly influenced by the means
f neutralization. In both trials, the pH was successfully neutralized,
lthough it then showed a slow increase to 7.15 and a decrease to 5.8
n M1 and M2, respectively, after 15 days of composting (Table 2).
he reacidification of the pH in the M2 trial could be explained by
he fact that ammonia proved to be volatile as shown by a decrease
f its amount from 1.15 to 0.07 g/kg dw during composting of M2,
hich was not conserved in any other forms such as organic nitro-

en or nitrate. The added ammonia could have had toxic effects on

he microorganisms, which probably hindered the progress of M2
omposting. Similar observations have been reported by Paredes
t al. [29–30]. These authors found in composting trials of different
rganic wastes mixed with lignin-cellulose wastes, that the lower
2 fixation may be due to the presence of higher NH4

+–N concen- Ta
b
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Table 3
Changes in the amounts of humic substances, their fractions (fulvic and humic acids) and the humification indices (HR, HI, HA/FA) during the composting of tannery sludge
after neutralization by lime or ammonia

Sample HA* FA* HS* HR HI HA/FA

HM1 11.3 ± 0.2 11.2 ± 0.13 22.5 ± 1.5 53.2 26.7 1.01
H 23.3 ± 1.9 85.0 54.4 1.77
H 24.2 ± 2.7 61.3 29.9 0.95
H 20 ± 1 70.2 46.3 1.94

t
[
c
p
C
h
c
d
C
f

e
[
a

t
p
m
c
t
h
a
m
r
h
l

s
s
n
b
d
o
fi
a
P

p
o
s
c
h
m

a
p
r
u
[
i
o
t
o
s
v

Table 4
Elemental composition of humic acids isolated from raw and composted tannery
sludge after neutralization by lime or ammonia

Sample Ca Ha Na Oa Atomic ratio

C/H C/N O/C

HM1 49.1 ± 0.36 5.6 ± 0.09 2.9 ± 0.2 42.5 ± 0.7 0.73 19.75 0.65
HCM1 42.5 ± 0.24 4.7 ± 0.1 2.5 ± 0.1 50.3 ± 0.35 0.75 19.83 0.89
H
H

a

3
c
(

c
m
n
d
g
n
i
t
a
n
i
a
b
e
d
p
c
h

p
t
r
c
absorbance bands around 3400, 1600 and 1395 cm , respectively.
Composting did not actually the change initial structures, but it
varied their intensities. In the course of composting a decrease
occurred in the aliphatic compounds absorbing around 2922 cm−1,
mainly after neutralization by lime (HCM1). The 1598/2922 ratio,

Table 5
The main absorbance bands in FTIR spectra and their assignments

Absorbance area (cm−1) Assignments

3400 H-bonded OH groups of alcohols, phenols and organic
acids, as well as H-bonded N–H groups
CM1 14.9 ± 0.34 8.4 ± 0.27
M2 11.8 ± 0.29 12.4 ± 0.30
CM2 13.2 ± 0.14 6.8 ± 0.32

* mg/g dw.

rations, which are recognized to reduce the progress of composting
31]. NH3 volatilisation could also be favoured by high NH+

4–N
oncentrations as reported by Paredes et al. [30]. Thus, during com-
osting the total proportion of nitrogen increased significantly in
M1, but only showed a slight increase in CM2. The increase could
ave originated from the nitrogen or from the decrease of substrate
arbon resulting from CO2 loss [32,33]. In both trials, the C/N ratio
ecreased and the ratio (final C/N)/(initial C/N) was 0.6 and 0.7 in
M1 and CM2, respectively, values similar to the 0.6–0.75 reported

or mature compost [34].
The variations recorded are similar to previous composting

xperiments for tannery waste [8] and other organic wastes
16,32,35] indicating that tannery waste is suited to composting
fter neutralization, particularly by lime.

However, many authors consider compost maturity with respect
o its content in humic fractions and its degree of humification and
olymerisation [35,36]. Table 3 illustrates the amount of humic
atter (fractions HS, HA and FA) and different indices of humifi-

ation after tannery sludge composting. In the finished compost,
he amount of FA was reduced, and this could be attributed to the
igh FA content of easily bio-degradable organic compounds (sug-
rs, amino acids, etc.). The other fraction, HA, that is known to be
ore polymerised, increased during the process. Thus, the HA/FA

atio increased in the course of composting in both M1 and M2. The
igh ratio in compost M2 can be explained by the presence of high

evels of easily bio-degradable structures in the FA fraction of M2.
The increase of this ratio known as the “degree of polymeri-

ation”, reflects the formation of complex molecules (HA) from
impler molecules (FA) and a diminution in the non-humic compo-
ents of the fulvic acid fraction which are the most easily degraded
y micro-organisms. Sanchez-Monedero et al. [36] also reported,
uring composting of different organic-waste mixtures, an increase
f the degree of polymerisation from 0.65 in raw MSW mixtures to
nal values of 1.86–2.00 in composts. This ratio has been proposed
s an indicator of maturity by authors such as Iglesias Jõmenez and
erez Garcia [37].

The other ratios (HR and HI) also became higher with the com-
osting process (Table 3), and indicate the humification of the
rganic structures producing large amounts of humic-like sub-
tances in the course of composting. Greater changes occurred in
ompost CM1 than in compost CM2. This confirms that the OM
umification process is strongly linked to the stabilization and
aturity of compost.
A similar evolution of this ratio has been reported by other

uthors such as Tomati et al. [10] who showed that during the com-
osting of olive mill wastewaters the increase in the humification
atio rose from 25.9% at 35 days to 41.6 after 140 days. High val-
es have also been reported in a study by Sanchez-Monedero et al.
36], who found, after composting of three different mixtures, an
ncrease of HAC/EXC (HA/HS) from an initial 68 ± 71% to final values

f 75 ± 80%. Those authors explain that the high values recorded for
hese indices may have been due to the joint extraction or removal
f other materials such as lignin residues which would behave in a
imilar way to the humic acids and precipitate at pH 2, leading to
alues unusually high for residues of a vegetable nature.

2
1

M2 49.2 ± 0.37 5.3 ± 0.17 3.1 ± 0.3 42.4 ± 0.33 0.77 18.51 0.65
CM2 49.5 ± 0.18 5.1 ± 0.12 2.4 ± 0.0 43.0 ± 0.1 0.82 24.06 0.65

% Calculated on organic matter basis.

.2. Study of the humic acids isolated from uncomposted and
omposted solid tannery wastes by various chemical techniques
elemental analysis, FTIR, 13C NMR)

The results obtained from elemental analysis show that the
omposition of humic components in solid tannery waste changed
ore on composting when neutralized by lime (HCM1) than when

eutralized by ammonia HCM2 (Table 4). The content of elements
ecreased by about 13.5% for C and N and 16% for H. The level of oxy-
en showed a relative increase of about 18.4% on composting after
eutralization by lime and the HA content also showed a strong

ncrease. The C/H and C/N ratios remained relatively stable, while
he O/C ratio increased by about 37%. This can be attributed to the
ctive decomposition of aliphatic and peptidic structures and the
eo-formation of more oxidized humic structures during compost-

ng of M1. During composting of olive mill wastewater, Tomati et
l. [10] found an increase of the ratio between oxygen and car-
on showing that the process evolved towards oxidation. Hafidi
t al. [24] showed that with neutralization by lime, intense oxi-
ation of organic compounds occurred and humification involved
olyphenol condensation. This indicates that the composting pro-
ess occurred satisfactorily, as described in previous works showing
umification during composting [17,19,20,22,38].

The FTIR spectra of HA isolated from uncomposted and com-
osted solid tannery wastes are presented in Fig. 1. Table 5 reports
he assignments of the main absorbance bands in the spectra by
eference to previous works [22,24,39–41]. The HA are mainly
omposed of tannin and protein structures as indicated by the

−1
922 C–H stretching of alkyl structures
598 Aromatic and olefinic C C, C O in carboxyl; amide (I),

ketone and quinone groups
1395 OH of phenols, COO− , –CH3

1159–1033 –C–O–C of carbohydrates, aromatic ethers, Si–O–C
groups
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treatment are presented in Fig. 2. Table 6 reports the interpretations
of the main resonance areas in all spectra [22,24,40,43,44]. Accord-
ing to these assignments, the humic acids extracted in the initial
raw material present a high resonance in the aliphatic carbon, O–N
alkyl and carboxyl carbon areas. During composting, an increase

Table 6
Resonance signals in 13C NMR spectra and attributed chemical groups

Signal (ppm) Attributed chemical groups

0–50 Paraffinic C in alkyl chains
50–110 Aliphatic carbons substituted by oxygen and nitrogen, around
ig. 1. FTIR spectra of humic acids extracted from raw tannery waste neutralized b
HCM2), respectively.

.e. the ratio of aromatic to aliphatic structures increased from
.92 in HM2 to 3.26 in HCM1 and from 2.75 in HM2 to 2.88 in
CM2. This suggests that the microbial communities that devel-
ped during composting had greater access to aliphatic structures,
ence increasing the intensity of other structures such as the
romatics. Similar results have been reported by Hsu and Lo
35] who found, during composting of separated pig manure, an
ncrease in the 1650/2930 ratio (aromatic C/aliphatic C) from 1.04
o 1.68. They too explained the change by the idea that easily
egradable OM constituents, such as aliphatic and amide compo-
ents, polysaccharides, and alcohols, are chemically or biologically
xidized and, therefore, the mature compost contains more aro-

atic structures of higher stability. Castaldi et al. [42] propose

hat an increase in the ratio 1650/2930 (aromatic C/aliphatic C)
n the FTIR spectra of HA from 0.922 to 1.104 could be caused
y the formation of humic polymer and/or by a reduction in
liphatic C.
(HM1) or ammonium hydroxide (HM2) and from their end compost (HCM1) and

The 13C NMR spectra of HA extracted from uncomposted and
omposted tannery waste after both lime and ammonia pre-
78 ppm mainly arised thine carbohydrates
110–130 Olefinic carbons; unsubstituted aromatic C
130–145 Carbon-substituted aromatic carbons
145–160 Oxygen or nitrogen substituted aromatic carbons
160–200 Carboxylic carbons, ester or amide
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the presence of fewer polycondensed aliphatic structures rich in
functional groups such as carboxyl and phenolic moieties. In addi-
tion, the elements that indicate the probable presence of toxicity
caused by volatile and less stable components like NH4

+ and phe-
nols are found in this part. The section to the right of the loading
ig. 2. 13C NMR spectra of humic acids extracted from raw tannery waste neutralized
y lime (HM1) or ammonium hydroxide (HM2) and from their end compost (HCM1)
nd (HCM2), respectively.

ccurred in the aromatic carbon area with a decrease in resonances
f aliphatic carbon and carboxyl carbon (173 ppm) particularly in
CM2. Thus, the distribution of carbon among the different struc-

ures was determined through the integration of areas of the whole
pectrum (Table 7). The data obtained from integration showed a
eduction in aliphatic carbon in the HA isolated after both com-
osting trials of about 50.6% after lime neutralization (HCM1) and
3.3% after adding ammonium hydroxide (HCM2). The higher level
f organic carbon decomposition was observed in CM1 compared
o CM2. The intensity of O–N alkyl and aromatic carbon increased

n both trials, but more so on composting after liming (HCM1), to
each almost double the initial amount. The increase of O–N alkyl
nd aromatic carbon did not exceed 2% in HCM2 compost. This is
orrelated with the amount of HA, which showed a strong increase

able 7
hanges in carbon distribution in humic acids extracted from raw and composted
annery after neutralization by lime or ammonia

amples C-alkyla O–N alkyl + C–aromatica C-carboxylica

M1 48.6 ± 3.5 33.5 ± 2.4 17.9 ± 1.1
CM1 24.0 ± 1.7 61.7 ± 1.3 14.3 ± 0.9
M2 29.4 ± 4.7 54.3 ± 2.5 16.3 ± 0.8
CM2 25.5 ± 0.3 56.3 ± 2.1 18.2 ± 1.4

a Values are expressed as percentages of the whole spectrum area.
F
o
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rom 11.3 to 14.5% in CM1, but changed less strongly (from 11.8 to
3.2%) in CM2 (Table 3). Thus, the changes in HA structures during
aturation are highly correlated with the processes taking place

n the bulk compost as reported by Zbytniewski and Buszewski
45] from spectroscopic characterization (13C NMR) of humic acids
uring sewage sludge composting.

The decrease in the level of aliphatic structures and increase
n the intensity of aromatic compounds has also been found to
ccur during humification in the course of composting in previ-
us studies [20,22,39]. Jerzykiewicz et al. [46] showed an increase
n the aromaticity index from 14% to 25–28% in the humic acids
xtracted from municipal waste after 5 months of composting. They
uggest that the humic acids at the beginning of the process con-
ain six aliphatic carbons for each aromatic carbon, whereas after 5

onths there may be five aliphatic carbons for every two aromatic
arbons. Castaldi et al. [42] also found an increase in the inten-
ity of the aromatic C peak (130 ppm) and in the percentages of
nsaturated C (160–101 ppm) by 10.7% during the composting pro-
ess. The intensity of the aliphatic C region (100–0 ppm) spectra
ecreased from 69.3 to 63.2% in the final compost. These results
re in agreement with the FTIR spectra, which indicate a loss of
liphatic structures through degradation and synthesis and partial
eo-formation of aromatic polymers during the process, so the HA

n final composts are enriched with aromatic structures. The car-
oxyl carbon decreased in the humic acid structures extracted from
ompost neutralized by lime, but increased in the trial after adding
mmonia. This could be explained by the strong contribution made
y carboxyl functions to the oxidative polymerisation reaction in
he neo-formed HA [19,42].

To correlate the above parameters from the two bulk composts
nd those of the humic acids isolated from them, PCA was applied
Fig. 3). The results show that the parameters fall into two groups

and B along axis 1 that represent 54% of the total variability.
he parameters of the two groups are negatively correlated and
rove to diverge and represent different tendencies. In contrast,
he elements within each group proved to be strongly correlated
nd present the same patterns.

The left part of the loading plot gathers parameters that indicate
ig. 3. Principal component analysis among all studied parameters at different times
f composting of both mixtures M1 and M2.
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lot gathers the parameters that indicate the stabilization and mat-
ration of compost such as TKN, N–NO3−, N-Org and O content as
ell as humic structures rich in aromatic components (C-aromatic,

600/3400 ratio) that are more polycondensed and rich in carbon
nd O with regard to H and N elements, which are presented by C/N
um, C/N hum and O/C hum ratios.

Group A thus gathers the parameters concerning compost sub-
trate in a state of decomposition. Group B gathers parameters
f the new restructured material rich in stable humic structures.
ence, the first component, PC1, accounts well for the evolution
f the material being composted from the decomposition phase
group A) towards a restructuring phase (group B). PCA analysis of
ifferent composts reported by Suzuki et al. [47] show the division
f the composts into different groups according to their maturity
nd their chemical composition. Zbytniewski and Buszewski [45]
howed, also on the basis of PCA on chemical analyses, the occur-
ence of three phases during 53 days of composting of sewage
ludge: (i) domination of rapid decomposition of non-humic, eas-
ly biodegradable organic matter (2–3 weeks), (ii) domination
f organic matter humification and formation of polycondensed,
umic-like substances (the next 2 weeks), (iii) stabilization of trans-

ormed organic material and weak microbial activity.
The second component, PC2, that represents 32.6% of the vari-

nce, presents the least polycondensed compounds in the HA
tructures. This can be seen in the % O and O/C humic, O/N alkyl and
-aromatic that are very near to zero on the PC2 axis in the zone
f restructuration (in right part of the loading plot), which sup-
orts the high level of oxidative polycondensation in this group.
he C/N humic, C/H and 1600/3400 ratios are higher on axis PC2
hich indicates the presence of peptide compounds that are free

r less bound. These data suggest the formation of oxidative bonds
s the HA become restructured during composting [19,24]. Castaldi
t al. [42] also reported that during composting, a reduction of C
liphatic with progressive transformation of the polysaccharides
nto other oxygenated compounds, particularly carboxylic and ester
roups, takes place with a parallel increase in aromatic structures
uggesting the partial formation of neo-humic polymers.

. Conclusion

To achieve good composting of solid tannery waste, neutral-
zation by lime or ammonia was carried out to overcome the
ntimicrobial effects of the original acidity of the waste. The results
btained from the various analyses, FTIR and 13C NMR spectro-
copies, indicated satisfactory stabilization of the waste through
xidation and humification when the composting followed liming.
his can be attributed to the creation of a suitable environment
or the intense activity of a wide class of microorganisms, able to
enefit from the readily available aliphatic compounds (C-alkyl).
he HA newly formed during composting are richer in stable oxi-
ized O–N alkyl and aromatic structures. These findings confirm
ata obtained previously concerning the progress of humification
uring composting.
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27] E.K. De Souza. Contribution à la valorisation de la bagasse par transforma-
tion biologique et chimique. Valeur agronomique des composts et propriétés
suppressives vis-vis du champignon phytopathogène Fusarium solanium. Ph.D.
Institut National Polytechnique de Toulouse, 1998.

28] A. Vazquez Roncero, E. Graciani, R. Constante, M. Duran, Components fenoli-
cos de la aceituna. I. Polifenoles de la pulpa, Grasas y Aceites 25 (1974) 269–
279.

29] C. Paredes, A. Roig, M.P. Bernal, M.A. Sanchez-Monedero, J. Cegarra, Evolution
of organic matter and nitrogen during co-composting of olive mill wastewater
with solid organic wastes, Biol. Fert. Soils 32 (2000) 222–227.

30] C. Paredes, M.P. Bernal, J. Cegarra, A. Roig, Bio-degradation of olive mill wastew-
ater sludge by its co-composting with agricultural wastes, Bioresour. Technol.
85 (2002) 1–8.

31] M. De Bertoldi, G. Vallini, A. Pera, F. Zucconi, Comparison of three windrow
compost systems, Biocycle 23 (1982) 45–50.

32] M. Soumaré, A. Demeyer, F.M.G. Tack, M.G. Verloo, Chemical characteristics of
Malian and Belgian solid waste composts, Bioresour. Technol. 81 (2002) 97–101.

33] A.A. Zorpas, D. Arapoglou, K. Panagiotis, Waste paper and clinoptilolite as a bulk-
ing material with dewatered anaerobically stabilized primary sewage sludge

(DASPSS) for compost production, Waste Manage. 23 (2003) 27–35.

34] E. Iglesias Jimenez, V. Perez Garcia, Evaluation of city refuse compost maturity:
a review, Biol. Wastes 27 (1989) 115–142.

35] J.-H. Hsu, S.-L. Lo, Chemical and spectroscopic analysis of organic matter trans-
formations during composting of pig manure, Environ. Pollut. 104 (1999)
189–196.



dous M

[

[

[

[

[

[

[

[

[

[

S. Amir et al. / Journal of Hazar

36] M.A. Sanchez-Monedero, A. Roig, J. Cegarra, M.P. Bernal, Relationships between
water-soluble carbohydrate and phenol fractions and the humification indices
of different organic wastes during composting, Bioresour. Technol. 70 (1999)
193–201.

37] E. Iglesias Jimenez, V. Perez, Garcia Composting of domestic refuse and sewage
sludge. II. Evaluation of carbon and some humification indexes, Resour. Conserv.
Recycl. 6 (1992) 243–257.

38] M.A. Diaz-Burgos, A. Polo, M. Calcinai, G. Masciandaro, B. Ceccanti. Use of
pyrolysis-gas chromatography to evaluate sludge humification. In: N. Senesi,
T.M. Miano (Eds.), Humic Substances in the Global Environment and Implica-
tions on Human Health, Amsterdam, Elseiver, 1994.

39] W.V. Gerasimowisz, D.M. Byler, Carbon-13 CPMAS NMR and FTIR spectroscopic
studies of humic acids, Soil Sci. 139 (1985) 270–278.
40] G. Ricca, F. Severini, Structural investigations of humic substances by IR-FT 13C-
NMR spectroscopy and comparison with a maleic oligomer of known structure,
Geoderma 58 (1993) 233–244.

41] N. Senesi, T.M. Miano, G. Brunetti. Humic substances in organic amendments
and effects on native soil humic substances. In: A. Piccolo (Ed.), Humic Sub-
stances in Terrestrial Ecosystems, 1996, pp. 531–593.

[

[

aterials 160 (2008) 448–455 455

42] P. Castaldi, G. Alberti, R. Merella, P. Melis, Study of the organic matter evolu-
tion during municipal solid waste composting aimed at identifying suitable
parameters for the evaluation of compost maturity, Waste Manage. 25 (2005)
209–213.

43] A. Piccolo, L. Campanella, L. Petronio, Carbon-13 nuclear magnetic resonance
spectra of soil humic substances extracted by different mechanisms, Soil. Sci.
Soc. Am. J. 54 (1990) 750–756.
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