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From the Editor

Dear readers
In front of you is now the third issue of the Journal of
Graphic Engineering and Design - JGED.
In this issue we are continuing to expand our research
in the field of graphic engineering and design. Focus is
placed on environmental protection and ecology.
We are also presenting paper regarded to identification
of quality control in postpress through image segmentation and damage detection.
Also two papers are presented concerning research
of specific printing materials. The first study is a research concerning changes on the printed material due
to simulated environmental changes. The second paper
is a research of digitally printed textile samples which
proves to be an interesting challenge for further research.
We are pleased with the ongoing research energy
which is put into studious and important research of
scientific challenges in graphic arts.
I sincerely want to thank all contributors in assembling
yet another quality issue.
Prof. PhD Dragoljub
Novaković
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Abstract:
This paper presents a detailed evaluation of two variants of Maximum Entropy image segmentation algorithm
(single and multi-thresholding) with respect to their performance on segmenting test images showing folded substrates. The segmentation quality was determined by evaluating values of four different measures: misclassification
error, modified Hausdorff distance, relative foreground area error and positive-negative false detection ratio. New
normalization methods were proposed in order to combine all parameters into a unique algorithm evaluation rating.
The segmentation algorithms were tested on images obtained by three different digitalisation methods covering
four different surface textures. In addition, the methods were also tested on three images presenting a perfect fold.
The obtained results showed that Multi-Maximum Entropy algorithm is better suited for the analysis of images
showing folded substrates.
Keywords: Maximum Entropy, image segmentation, folding quality evaluation

Introduction
Image segmentation algorithms are widely used in
various fields including optical character recognition,
machine vision systems, infrared gait recognition, automatic target recognition and medical image applications (Zhang and Wu, 2011). There are many segmentation methods present, but every algorithm has its
strengths and weaknesses. Previous research show their
detailed evaluation using objective parameters (Sezgin
and Sankur, 2004), (Chang et al., 2006) and (Zhang et
al., 2008). One of the main scope of image processing is the field of defect detection. The use of a certain
algorithm is based mainly on the type and characterisFirst received: 25.8.2011.
Accepted: 5.10.2011.

tics of the examined product or process and there is no
universal solution. There are many parameters which
influence the choice of the used algorithms, for example the expected colours, the complexity of the texture,
lighting conditions, the shape or type of failure or its
differentiability, etc. (Ng, 2006; Park et al., 2009).
Folding process of the coated papers often causes
cracking of the coating layer on the outer side of the
folding line (Barbier, 2004). This effect is even more
emphasized when fold is made on printed area (surface
covered with printing ink). Many factors which influence the crack size in the surface during the folding
process are related to the paper manufacturing, to the
printing and the converting processes. Even though this
phenomenon cannot be completely avoided, the visible
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destructions of the products can be diminished with
more precise folding machine settings (Eklund et al.,
2002; Gidlöf et al., 2004; Anon., 2006). Since the online examination of folding quality is still not automated, the derived quality estimation is highly dependent
of the examiners experience, fatigue and other subjective influences. The introduction of an automated and
objective evaluation based on image processing would
probably result in a significant quality improvement
and enable process standardization. The objective folding quality assessment algorithm (OFQA) introduced
by (Apro et al., 2009) showed promising results. Since
most of the measures (model objective variable or
MOV) of the proposed algorithm depend on the segmentation quality, detailed evaluation and refinement
were performed.
The evaluation, which incorporated 24 different image segmentation algorithms, presented in (Apro et
al., 2011), showed that the entropy based algorithms
(Maximum and Renyi Entropy algorithms) are the best
suited for evaluation of online folding quality assessment. As analysed algorithms are expected to work in
a wide range of samples autonomously without any
human interaction the most important requirement put
upon them was automation of their operation. In order
to test the algorithms under the same conditions evaluation of the algorithms was made examining only the
single threshold case. However, the selected (Maximum Entropy) algorithm (among others) is capable of
multi-thresholding, which could be useful in the folding quality assessment. Namely, the images of folded
substrates are potentially three-colour images: the colour of the print, the colour of base paper and the colour
of “shadow” (or under-illuminated regions). The aim of
this paper is to compare the performance of single (bilevel) and multi (2 thresholds) thresholding approaches
using the Maximum Entropy algorithm over a given set
of images.

by Kapur, Sahoo and Wong and in the literature it is
mostly named after its authors (e.g. Liao et al., 2001;
Yin, 2002; de Albuquerque et al., 2004; Chang et al.,
2006; Zhang et al., 2008; Xiao et al., 2008).
The Maximum Entropy is an automatic thresholding method where the optimal threshold value can be
found by maximizing the entropy of the resulting classes (foreground and background) (Chang et al., 2006).
This thresholding technique is classified as bi-level approach, where a unique threshold value is obtained. The
bi-level segmentation techniques give satisfactory results on the images with clear foreground-background
differentiation, but for the segmentation of complex
images a multi-thresholding approach could be more
suitable. A multi-thresholding technique converts the
different types of regions of the image into regions having the optimal number of grey-level (Strouthopoulos
and Papamarkos, 2000; Tabbone and Wendling, 2003).
The Maximum Entropy approach is one of the most important threshold selection methods but lacks in terms
of execution time when the Maximum Entropy criterion is applied to multi-level threshold selection (Luo
and Tian, 2000).
The concept of entropy has been widely used in data
compression to measure information content of a
source, using the uncertainty as a measure to describe
the information contained in a source. In image analysis, the entropy-based thresholding considers an image
as an information source with a probability vector described by its grey-level image histogram (Chang et al.,
2006; Barbieri et al., 2011).
Suppose that h(i) is a value in a normalized histogram.
Typically i takes integer values from 0 to 255 (for 8-bit
depth images). It is assumed that h(i) is normalized,
that is (Jarek, 2004):
imax

∑ h(i ) = 1

(1)

i =0

Methods and materials

The entropy of black pixels is defined as (Jarek, 2004):

Thresholding is an important technique for image segmentation that tries to identify and extract the object
of interest from its background based on the grey-level
distribution or texture in image areas. One of the most
efficient techniques for image thresholding is based
on entropy distribution of the grey-levels in an image
(Liao et al., 2001).

H B (t ) = −∑

The previous investigation of the authors resulted in
selection of Maximum Entropy thresholding as the
best performing over the selected set of images. The
Maximum Entropy thresholding method (in the form
that has been used in this paper), has been proposed

2

h(i )

t

i =0

t

∑ h( j )

log

j =0

h(i )
t

∑ h( j )

(2)

j =0

The entropy of white pixels is defined as (Jarek, 2004):

imax

H W (t ) = − ∑

i =t +1

h(i )
imax

∑ h( j )

j =t +1

log

h(i )
imax

∑ h( j )

j =t +1

(3)
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The optimal threshold can be selected by maximizing
the sum of foreground and background entropies as
(Jarek, 2004):

Topt = ArgMax [ H B (t ) + H W (t )]

(4)

t =0...imax

The previous formula for optimal threshold value can
be extended to multi-level thresholding of an image.
Assuming that there are n thresholds dividing the original image into n+1 classes, the optimal thresholds {T1,
T2, …, Tn} are chosen by maximizing the sum of entropies as follows (Jarek, 2004):

{T1 ,...Tn } = ArgMax [ H (−1, t1 ) + H (t1 , t 2 ) + ... + H (t n , imax )]
t1<...<tn

(5)

where:

tk +1

H (t k , t k +1 ) = − ∑

i =tk +1

h(i )
tk +1

∑ h( j )

log

j =tk +1

h(i )
tk +1

∑ h( j )

(6)

j =tk +1

ImageJ software was used for the segmentation process. This software has been chosen as it is widely
used, well-supported and free of charge. The bi- and
multi-level entropy thresholding algorithms named as
“MaxEntropy” (implemented by Jarek S.) and “MultiMaxEntropy” (implemented by K. G. Baler, G. Landini
and W. Rasband) can be found at (ImageJ, 2011).
Since, there are three grey-levels expected corresponding to the three-colour surfaces on the test images (the
colour of the print, the colour of base paper and the colour of “shadow”), the Multi-Maximum Entropy algorithm was configured to search for two thresholds. As
the foreground objects (surface damages) the lightest
class was used, the remaining two classes were treated
as background. In this way, the results obtained by the
two used algorithms (Maximum Entropy and MultiMaximum Entropy with single and multi-thresholds,
respectively) can be compared.

Test images
Test images for the thresholding evaluation process
were selected as a subset from a large image library
prepared for the needs of the OFQA algorithm development (Apro et al., 2009). A test form was developed based on the experimental test form presented in
(Eklund et al., 2002) and (Gidlöf et al., 2004). The test
form included test fields for printing quality assurance
and for the folding behaviour (surface damage) evaluation. Using the CMYK notation the regions for folding behaviour analysis and visual inspection were as
follows: C50% (latter on referred as R1), K50% (R2),
K100% (R3), C40% + M40% + Y50% + K20% (R4),
C80% + M80% + Y80% + K80% (R5).
The samples were made of uncoated, glossy- and
matte-coated paper (FEDRIGONI) with basic weight
of 100 g/m², 140/150 g/m² and 170 g/m², respectively. The printing was performed by KBA Performa 74
offset machine using process colours (Sun Chemical)
while the folding was performed by the Horizon AFC546AKT folding machine. The folding process was
made using one buckle folding unit with standard fold
rollers (combination of soft polyurethane foam rubber
and steel roller) and roller gap adjustment. 50 samples
of each paper grade were folded in machine and cross
direction of paper grain at temperature of 22 ºC and
relative humidity of 55% 48 hours after printing. The
prepared (folded and gathered) samples have all been
digitalised three times using different digitalisation
techniques: commercial digital camera, flatbed scanner
and digital microscope. Technical parameters and adjustments for used equipment are presented in Table 1.
Twelve images were chosen from the base set of test
images covering all three digitalisation methods and
four different surface textures (R1 to R4). Region R5
was excluded from the evaluation process, since it has
been used to analyze the folding behaviour at total ink
coverage of 320% and its visual appearance was very
similar to region R3. All selected test images were of
substrates with surface damages. To present the perfect
folds without surface damages three more images (one

Table 1. Technical parameters and adjustments for used digitalisation equipment
Used equipment
Type
Colour mode
Embedded colour profile
Resolution
Bit depth
Format
Other

Canon A520
Commercial digital camera
RGB
sRGB
resolution 180 ppi
8
JPEG
no flash, 100% digital
zoom, auto white balance
focal length of 5,8 mm

CanoScan 5600F
Flatbed scanner
RGB
sRGB
resolution 1200 ppi
8
BMP
-

Veho VMS-001
USB digital microscope
RGB
resolution 300 ppi
8
BMP
no light source, magnification of 200X,
CMOS sensor
3
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for each digitalisation methods) were added to the evaluation subset in order to proof the over detection rate
of the segmentation. The halftone and rosette pattern of
printed surfaces, damaged or not, present a particular
challenge for automated image segmentation, since the
unprinted areas of pattern structures look very similar
to cracked surfaces of paper. Samples of halftone and
rosette pattern with and without surface damages are
shown in Figure 1a-b and Figure 2a-b, respectively.

Objective measures
To evaluate the segmentation performance of the two
variants of Maximum Entropy, four performance measures have been used: misclassification error, modified
Hausdorff distance, positive-negative false detection
ratio and relative foreground area error. All these measures require a referent or ground truth image, which
is derived by hand segmenting every sample image,
marking just the cracked surfaces as foreground objects
(see Figure 3a and b for an example of test image and
its ground truth pair).

a)

a)

b)
Figure 1. Test images for halftone pattern of 50% cyan
with (a) and without (b) surface damages

a)

b)
Figure 2. Test images for rosette pattern with (a) and
without (b) surface damages
Since, the algorithm works with grey-scale images, the
original sample images were transformed from source
RGB colour space to CIE xyY colour space which
lightness channel (Y) was used as the grey-scale representation. Test images were pre-filtered with Mean
filter (using a 3x3 square kernel) in order to reduce the
influence of noise and complex patterns (halftone and
rosette) on the segmentation results.

4

b)
Figure 3. Example of test image and its ground truth
pair
The proposed measures were chosen in order to optimise the following criterion: automated segmentation
results should match the ground truth image as close as
possible, preferably 100%, but if there are some mismatches, the misclassified pixels should be as close as
possible to the desired foreground object. Since some
measures of the OFQA are using the ratio of foreground
and background pixels, it is also preferable to have balanced number of false positive and false negative detections, which would lead to good estimation of the
real value.
Misclassification error (ME) reflects the percentage
of background pixels wrongly assigned to foreground,
and vice versa. For the two class segmentation problem,
ME can be expressed as (Sezgin and Sankur, 2004):

ME = 1 −

B ∩B + F ∩F
O
T
O
T
B +F
O
O

,

(7)

where BO and FO denote the background and foreground of the ground truth image, BT and FT denote the
background and foreground areas of the tested image,
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and is the cardinality of the set. ME varies from 0 for
a perfectly classified image to 1 for a total mismatch
between referent and tested image (Sezgin and Sankur,
2004).

The positive-negative false detection ratio (PNFDR)
is an auxiliary measure to make the evenness of false
detection values (positive and negative) easy to read. It
is defined as:

The Hausdorff distance can be used to assess the shape
similarity of the thresholded regions to the ground truth
shapes. Since the maximum distance is sensitive to outliers, shape distortion can be measured via the average
of the Modified Hausdorff distances (MHD) over all
objects, which is defined as (Sezgin and Sankur, 2004):

 PFD
, if PFD ≥ NFD

PNFDR =  NFD
NFD

,
else
 PFD

MHD( FO , FT ) =

1
FO

∑d( f

f O ∈FO

O

, FT ),

(8)

where d(fO, FT) denotes the minimal Euclidean distance
of a pixel in the thresholded image from any pixel in
the ground-truth image, |FO| is the number of foreground pixels in the ground-truth image (Sezgin and
Sankur, 2004). Since an upper bound for the Hausdorff
distance cannot be established, the MHD metric is hard
to normalize to the interval [0, 1]. (Sezgin and Sankur,
2004) divided the derived MHD measures by the maximal value of MHD for the given test image set, but this
method gives a relative result, which is sensitive to the
choice of the image set. Namely, if the original set is
extended with an image, which has a large MHD, this
would result in “improvement” in the rest of the pictures for this measure. For this reason a new normalization was proposed in this research. If only the misclassified pixels are used for computing the MHD, its
minimum value is 1, while the maximum is not determinable. Converting this value range to values between
0 and 1 can be performed by computing the reciprocate
value. However, this would convert the best possible
value to 1 (1/1) and the worst value ≈ 0 (1/high value).
To keep the same notation (0 for best, 1 for the worst
performance), this could be inversed by the following
formula:

 1 
NMHD = 1 − 

 MHD 

(9)

However, this formula has a rather steep slope (e.g. for
an MHD of 2, which is very close to the best performance, would result in 0.5 which is a considerable distance to 0), thus the following modification was used:



1

NMHD = 1 − 
 1 + 0.2 × (MHD − 1) 

(10)

The measure derived by this formula does not depend
on the set of images and has a more general meaning.

(11)

where: positive false detection (PFD) is the proportion
of background pixels wrongly assigned to the
foreground object. Normalization can be done
using the number of foreground pixels or the
overall number of pixels in the ground-truth
image. In this paper, normalization was done
using the number of foreground pixels;
negative false detection (NFD) is the proportion of foreground pixels wrongly assigned to
the background. Normalization was performed
in the same manner as for the PFD.
The PNFDR measure has a minimum in 1, which is
also its optimum, desired value. However, the maximum value cannot be analytically determined, which
means that normalization is not strait forward, therefore a similar method is proposed as for the normalization of MHD, that is:

1


NFDR = 1 − 

 PNFDR 

(12)

Relative foreground area error (RAE) is first proposed
by (Sezgin and Sankur, 2004). It is a comparison of
object properties, more specifically the area of the detected and expected foreground. It is defined by the following equation:

 A0 − AT
,
 A
0
RAE = 
A − A0
 T
,
 AT

if AT < A 0

(13)

else

where A0 is the area of reference image and AT is the
area of the thresholded image. For a perfect match RAE
is 0, while if there is zero overlap of the object areas the
RAE is 1.

5
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To obtain a single, joint performance score from the previously listed criteria the arithmetic averaging of four
measures has been considered. The normalized scores
obtained from the ME, NMHD, NFDR, and RAE criteria were used, while the PFD and the NFD were omitted since their information is contained in their ratio
measure (NFDR). The attempt to derive a combined
measure was presented by (Sezgin and Sankur, 2004)
with the clear attempt to simplify segmentation quality
evaluation. However, since the measures are not fully
independent, share some portion of the information
and their sensitivity (slope of the function) is different,
simple arithmetic averaging might not give the best approximate of the overall quality measure. Therefore,
the evaluation of tested algorithms was made by using
only the ME as a representative measure and by using
the joint measure. The two evaluation results were then
compared.

Results and discussion
The evaluation of the results was done separately for
the ME measure and the combined measure. The ME
measure is the most descriptive, it shows the percentage of misclassified pixels, hence is a quantitative
description of the error, while the other measures are
more qualitative. The combined measure recapitulates
the presented four measures into a single one.
The results are presented and analyzed in two different
groups: first group includes images with surface damage, second group, the images showing a perfect fold.

This separation is made because in the second group
most of the measures were not defined, since there is
no foreground object on the ground truth images. For
this group, only results of the ME measure are shown.
The obtained results of ME calculated on test samples
showing damaged surface are presented in Figure 4.
According to the ME, as a standalone measure, it can
be seen that Multi-Maximum Entropy has a balanced
performance over the whole set of test images with
maximum ME value of 0.2. On the other hand, the
Maximum Entropy had lower ME values for 9 images.
The other 3 images had significantly higher ME values
than with Multi-Maximum Entropy.
Comparing the performance of segmentation techniques for different digitalisation methods one could
see large differences between values obtained using
Maximum Entropy to the values obtained using MultiMaximum Entropy at images of region R4 taken with
commercial camera and scanned. Images taken by digital microscope, were well segmented with both algorithms resulting with similar values of ME.
In addition, images of cyan printed substrates (1_mic,
4_scan and 4_cam) were poorly segmented using only
one threshold. This could be explained by the relatively
small difference in luminance levels of cyan and paper colours. By using two thresholds, these fine differences could be more distinguished. It could be noticed that Multi-Maximum Entropy is more successful
in segmenting images where the luminance values of
printed substrate colour and paper colour are harder

Figure 4. Values of ME for every test images with surface damages

6
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Figure 5. Values of combined measure for every test images with surface damages
to distinguish (1_mic, 4_scan and 4_cam). However,
it should also be mentioned that Multi-Maximum Entropy is more prone to under-detecting (false negative
detections) the damages, but there is almost no positive
false detection. This feature of the algorithm could be
well exploited in a two-staged segmentation approach
(where the Multi-Maximum Entropy would be used as
the first step to mark damage pixels).

In Figure 4 can also be seen that all the digitalisation
methods are showing similar results, which lead to the
conclusion that substrate inspection can be conducted
online in production where optimal illumination is hard
to achieve.
Based on the combined measure, the Maximum Entropy showed better performance than Multi-Maximum

Figure 6. The average values of all objective measures by image groups

7
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Table 2. Values of ME for test images without surface damages
Test image
5_mic.bmp
5_scan.bmp
5_pict.bmp

Multi-Maximum Entropy
0.002573
0.001827
0.000155

Entropy for most of the test images (Figure 5), hence
the Maximum Entropy can be considered as a better
choice. However, this is opposite to the suitability evaluation of investigated algorithms based on ME values.
Although, similar combined measure was successfully
used in (Sezgin and Sankur, 2004) results of this investigation indicate that current form is not suitable
for usage in algorithm evaluation. Nevertheless, the
quantitative measures are also carrying useful information, which should also be utilized, but using a more
sophisticated equation. Figure 6 presents an overview
of all measures averaged by image groups based on the
digitalisation method.
The results for the second group of pictures (substrates
without surface damages) are shown in Table 2.
The Multi-Maximum Entropy had better segmentation results for all three investigated images of second group, showing significant improvement on the
scanned image. These results are even more important
if we consider that these are images of perfect folds,
where over-detection is critical. This makes the MultiMaximum Entropy better algorithm to use for detecting damages on folded substrates. However one should
have in mind that the Multi-Maximum Entropy has
high computational demands, although this becomes
critical when using for three or more thresholds (Luo
and Tian, 2000), hence it does not apply to the case
considered here as there are only two thresholds used.

Conclusions
This paper presents a detailed evaluation of two variants
of Maximum Entropy image segmentation algorithm
with the focus to their performance on segmenting a
specific group of images. These images are showing
different folded test specimens, which are inputs to an
objective fold quality assessment algorithm. The algorithm uses image segmentation to detect surface damages and hence the segmentation quality metrics are
chosen accordingly. There were four different measures
used for algorithm evaluation: misclassification error,
modified Hausdorff distance, relative foreground area
error, positive-negative false detection ratio. Attempting to combine the measures into a unique rating for
algorithm evaluation, new normalization methods were
proposed for some of the parameters. Two evaluations
of the algorithms were performed, first based only on

8

Maximum Entropy
0.019143
0.415236
0.000211

the ME measure and second based on the combined
measure. The first evaluation showed better results
for the multi-threshold Maximum Entropy algorithm,
while the second gave a different result showing better performance of single threshold Maximum Entropy.
In order to resolve this confusion, detailed analysis
of partial results was performed, which showed that
Multi-Maximum Entropy algorithm is better suited for
the folding analysis. Furthermore, the combined measure should be differently constructed in order to give
unique and precise rating about algorithm performance.
However, this is beyond the scope of this research and
will be considered in further research.
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Abstract:
The present study deals with the optical and colour stability of aged offset and UV inkjet prints. As a paper substrate,
a film synthetic paper was used, which was printed by two techniques (UV inkjet press Óce Arizona 250® GT and
conventional offset press KBA Performa 74). Film synthetic paper, offset prints and UV inkjet prints were artificially aged using standard techniques of accelerated ageing, such as moist-heat (80 °C and 65% relative humidity)
and dry-heat (105 °C). Ageing was performed for periods of 1, 2, 3, 6 and 12 days. It was found that the moist-heat
accelerated ageing influenced the most on optical properties of film synthetic paper. UV inkjet prints had higher
colourfastness than the conventional offset prints. The most stable among all tested prints was the black colour UV
inkjet print.
Key words: offset print, UV inkjet print, film synthetic paper, accelerated ageing, colourfastness.

Introduction
The printing inks represent a complex mixture of different components, which are classified by their function
in ink matrix, and the ink composition is significantly
dependent on the printing technology. The individual
ink colours originate through the combination of the
dye and pigments in the inks (Havlínová et al. 2002).
The permanence of prints depends of its components
and of the influence of the external factors (Bolanča et
al., 2004). Generally, ageing could be in fact defined as a
sum of all irreversible physical and chemical processes
which happen in the material during the time. The durability depends mainly on the physical and mechanical
characteristics of the raw materials, impact of microclimate factors such as heat, humidity or radiation and on
contamination by ions and gas from the environment
First received: 7.10.2011.
Accepted: 14.11.2011.
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and action of microorganisms (Bolanča I. and Bolanča
Z. 2004). The natural process of deterioration starts as
soon as a colour image is printed, whether it is produced digitally or conventionally. Heat and moisture
are two of the most important environmental influences
on the stability of colour prints and papers. During an
ageing procedure, the properties of paper materials and
ink components can simultaneously change. High temperature and humidity adversely affect all colour print
materials, although not to the same degree. Such elevated conditions cause the colours to deteriorate quite
rapidly (Image Permanence Institute, 2007).
Just like all other organic materials, paper is also subjected to a number of fundamental deterioration processes (Porck, 2000). Deterioration in quality of an
aged paper or prints can manifest itself in the physical
mechanical, chemical and optical properties. The permanence of paper depends on the chemical resistance
of its components and on the influence of external fac-
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tors. Discolouration of a paper may be caused by the
formation of chromophores upon ageing as a result
of exposure to light and volatile gases. Many volatile
compounds as well as alcohols, ketones, aldehydes,
carboxylic acids aromatic and aliphatic hydrocarbons
and ethers can be released from paper during degradation processes depending upon paper chemical compositions (Gurnagual et al. 1993, Majnarič et al. 2010).
Colour characteristics of inks used on such paper also
change in time (Petkova et al. 2010).
Our main research interest is focused on the durability
of UV inkjet and conventional offset prints, and also of
film synthetic papers exposed to various methods of accelerated ageing. Previously published research considered mostly the durability of cellulose papers and conventional inks. The goal of our research was to estimate
the durability of UV inkjet prints, conventional offset
prints and synthetic paper for outdoor applications.

Experimental results
Printing
In this study, the conventional and digital printing technologies were used. Prints of solid CMYK colour fields
were made by four colour offset press KBA Performa
74 with standard ISO 12647-2:2004 inking values and
Sun Chemical mineral oil-free offset inks, while the
digital prints were made on Óce Arizona 250® GT (UV
Curable inks based on pigments) and on film synthetic
paper Yupo (G=100 g/m2). Paper Yupo is a biaxiallyoriented film synthetic paper. It consists of three extruded polypropylene - PP layers with inorganic filler
(Calcium Carbonate –CaCO3).

W = Y + 800(x0 − x ) + 1700( y 0 − y )

(1)

where W is the CIE Whiteness, Y is the tristimulus value of a white sample and x and y are the chromaticity
coordinates of the white sample.
The Yellowness Index, according to the ASTM Method
E313, is calculated as follows:

YIE313 =

100(C X X − C Z Z )
Y

(2)

where X, Y, Z are the CIE trismilus values, and CX and
CZ are coefficients (D65/10º: Cx = 1.3013, CZ = 1.1498).
The colourimetric properties of the solid CMYK prints
were determined using a spectrophotometer, GretagMacbeth Eye-One (D50 standard illumination, 2º standard observer, 45/0 measurement geometry and 4.5 mm
measuring aperture). The colour differences (ΔE*ab),
which appeared after ageing, were calculated according to Eq. (3):

∆E *ab = ( ∆L)*2 + ( ∆a )*2 + ( ∆b)*2
where

(3)

∆L* = L * (0) − L * (t ) ;
∆a* = a * (0) − a * (t ) ;
∆b* = b * (0) − b * (t )

are the differences calculated for the not aged (0)
prints and the aged prints (t) (Thompson, 1998).

Methodology

Results And Discussion

Film synthetic paper, offset and UV inkjet prints were
aged using standard technique for accelerated ageing:
Moist-heat accelerated ageing based on standard SIST
ISO 5630-3 (80 ºC and 65 % relative humidity) and
Dry-heat accelerated ageing based on standard SIST
ISO 5630-1 (105 ºC) for 1, 2, 3, 6 and 12 days.

SEM analysis
Figure 1 present the SEM images of the not aged surface topography of film synthetic paper, black (K) offset print with 20% tone value and black (K) UV inkjet
print with 20% tone value.

The optical properties of paper were evaluated based
on the CIE Whiteness and Yellowness Index YI E313.
The measurements were made with a spectrophotometer Spectroflash 600-Datacolor International (D65 standard illumination, 10° standard observer, D/0 measurement geometry and measuring aperture: 2r=6.6 mm).
The CIE formula is based on the calculation of X, Y,
Z values. It takes into consideration both lightness and
chromaticity of white samples. The CIE Whiteness,
based on the standard ISO 11475, is defined as:
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a)

are generally divided according to their manufacturing
method into two broad categories: film synthetic paper
and fibre synthetic paper (Yupo Corporation, 2008).
Fibre synthetic paper is manufactured from synthetic
materials in the form of spun bonded fibres with an effectively infinite length or short fibres that are added
to pulp, meanwhile a film synthetic papers is a product
made from granulated materials formed by extrusion in
the form of a biaxial oriented multilayer paper (Paszkowska et al., 2005). The greatest benefit of synthetic
paper is its durability under almost any conditions (Ducey, 2003).
Figure 2 shows the influence of accelerated ageing on
the optical properties of film synthetic paper.

b)

a)
c)
Figure 1: SEM images of unaged surface topography:
a) film synthetic paper, b) black (K) offset print with
20% tone value and c) black (K) UV inkjet print with
20% tone value.
In the scanning electron image of film synthetic paper
the smooth and even surface can be observed. The paper Yupo is smoother than most typical base papers. It
doesn’t contain wood pulp or other bio materials and
has a penetration layer on both sides. The comparison
between the black (K) offset print with 20% tone value
and black (K) UV inkjet print also with 20% tone value,
some differences are seen. At conventional offset print
(Figure 1/b), the raster dots are evenly spaced due to
AM halftoning algorithms, meanwhile at UV inkjet
print (Figure 1/c), a uniform tone coverage can be seen
obtained by FM halftoning of raster dots.
The influence of accelerated ageing on the optical
properties of film synthetic paper
Synthetic printing papers are defined as products composed of at least 20% synthetic substances. These
papers have a well-developed surface capable of absorbing printing inks, a coefficient of maximum ink absorption of at least 50%, and the capability of fixing the
printing inks, even those with low adhesiveness to the
base paper (Paszkowska et al., 2005). Synthetic papers
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b)
Figure 2: The influence of accelerated ageing on
optical properties of film synthetic paper: a) CIE
Whiteness of paper and b) Yellowness of paper.
The deterioration of paper upon ageing is initiated by
the irreversible change of their mechanical, chemical
and optical properties. As seen from Figure 2/a, the
most pronounced influence on CIE Whiteness of paper has moist-heat accelerated ageing. Values of CIE
Whiteness dropped after 12 days of moist-heat ageing
from 89.8 to 82.1, meanwhile at dry-heat ageing the
values dropped to 86.0. Furthermore the yellowness
of paper (Figure 2/b) extreme increased during moistheat ageing. The unaged paper’s Yellowness Index
was YI E313=2.4. After 12 days of moist-heat ageing,
the Yellowness Index exponential increase to value of
YIE313=5.1. Paper yellowing is a natural process of
paper ageing, which is caused by sunlight, moisture,
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and air. The whole complex of these factors and their
impact on paper is called photochemical ageing (Havlínová et al., 2002).

The influence of accelerated ageing on UV inkjet
prints

There are two basic types of pigment used in offset
printing inks. Organic pigment, which is made from
carbon, is used for making black ink. Inorganic pigments, which are made by mixing various chemicals
together, are used for coloured inks (sulphur, silica,
china clay) (Offset Inks, 2002).

Inkjet prints vary widely not only in the compositions
of their colorants and paper but also in their stability
(Image Permanence Institute, 2007). Ultraviolet curing
inks have a different structure than conventional printing inks. They are made up of monomers, prepolymers
/oligomers, pigments/colorants, additives and photoinitiators/synergists. One of the advantages of UV inks is
the high light fastness of the UV cured films (Debeljak
and Gregor-Svetec, 2010).

Figure 3 shows the influence of accelerated ageing on
CMYK offset prints.

Figure 4 shows the influence of accelerated ageing on
CMYK UV inkjet prints.

Significant differences between CMYK offset prints
were noticed during accelerated ageing as we can see
from Figure 3. Dry-heat accelerated ageing (105 °C)
was much more progressive for cyan and magenta offset print, meanwhile the moist-heat accelerated ageing (80 °C and 65 % relative humidity) for yellow and
black offset print. After 12 days of dry-heat ageing the
colour difference at cyan offset print reached value of
ΔE*ab= 4.9 and at magenta offset print value of ΔE*ab=
5.9, which corresponds to noticeable change in colour.
It was noticed, that yellow offset print was the most
durable after both accelerated ageing, where the values was below 3.1 after 12 days of ageing. Black offset
print was also durable during dry-heat ageing, meanwhile at most-heat ageing the colour difference reached
the value of ΔE*ab= 5.6 after 12 days.

It was established that UV inkjet prints were more durable in comparison to offset prints made with mineral
oil free based printing inks. Higher colour difference
obtained only on yellow UV inkjet print, where the colour differences after both accelerated ageing reached
value up to ΔE*ab= 5. Dry-heat accelerated ageing was
the most progressive for all CMYK UV inkjet prints.
After 12 days of dry-heat ageing the colour differences
reached for cyan UV inkjet print the value of ΔE*ab=
4.2, for magenta UV inkjet print the value of ΔE*ab=
5.5, for yellow UV inkjet print the value of ΔE*ab= 5.2
and for black UV inkjet print the value of ΔE*ab= 2.0.
The dry-heat ageing procedure is very powerful and
fast. Three days under these conditions correspond to
25 years of natural paper ageing. On the other hand, the
moist heat technique of accelerated ageing of material

The influence of accelerated ageing on offset prints

a)

b)

c)

d)

Figure 3: The influence of accelerated ageing on offset prints: a) cyan, b) magenta, c) yellow and d) black.
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a)

b)

c)

d)

Figure 4: The influence of accelerated ageing on UV inkjet prints : a) cyan, b) magenta, c) yellow and d) black.
is slower and less effective, but simulates the natural
ageing behaviour of materials better. Moist-heat treatment at 80C and 65% relative humidity for 24 days is
commonly believed to be equivalent to 100 years of
natural ageing (Havlínová et al., 2002). Pigmented inks
are known to have better stability than dye-based inks
because of their crystalline structure (Vikman, 2003).
Black UV inkjet print was very stable for both techniques of accelerated ageing. The colour differences
didn’t exceeded a value of 2, which corresponds to
negligible change in colour.
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Abstract:
The subject of uncertainty of spectrophotometric measurement of printed textile materials is one of the major
unsolved technical problems in textile colourimetry today. Textile manufacturers are often trying to maintain colour difference tolerances which are within the range or even less than the uncertainty of the measurement system
controlling them. In this paper, two commercial spectrophotometers with different measuring geometries (GretagMacbeth Eye-One Pro with 450/0° geometry and ChinSpec HP200 with d/8° geometry) were comparatively
investigated in terms of measurement uncertainty in colour characterization of textile products. Results of the study
indicate that, the despite of different measuring geometry, instruments had the similar measurement repeatability
behaviour (repeatability of readings from different parts of the same sample) in the case of used digitally printed
polyester materials. The important influence on measurement variability had the material preparation method (were
the materials triple folded, placed on a black backing or a white backing). On the other hand, instruments showed
difference concerning the inter-model agreement. Although this difference was not confirmed as significant with
visual assessment, observers evaluated the measurement readings from the Eye-One Pro spectrophotometer as more
accurate colour appearance characterization of textile materials.
Key words: measurement uncertainty, measurement geometry, textile printing

Introduction
During the past 40 years of growth in colour measurement, colour instrumentation in the graphic industry
has experienced a tremendous advancement in technology- the instruments have become more accurate, reliable, flexible, smaller, and faster than their predecessors
(Randall, 2011). Currently, there are many different
models of colour measurement instruments used in the
textile industry. However, in a colour managed printing
workflow, the use of inappropriate instrument or more
than one instrument can impair and complicate the
First received: 23.10.2011.
Accepted: 31.11.2011.
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quality control of colour reproduction processes, since
different instruments may show variations in terms of
measurement precision (repeatability, reproducibility)
and accuracy (Nussbaum, Sole & Hardeberg, 2011).

Measurement uncertainty
Measurement uncertainty includes two categories- precision and accuracy (Berns et al., 2000). While precision represents the dispersion of the measurement
readings of the same target, the accuracy describes how
close is the measured result to the actual target (“refer-
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ence”) value (Berns et al., 2000). The precision is determined with the level of repeatability and the level
of reproducibility. The repeatability defines the variation between readings of the same target repeated by
the same instrument over a certain period and the most
common way of quantifying repeatability is with Mean
Colour Difference from the Mean (Berns et al., 2000):
which is the average of the colour differences calculated between the mean of the taken measurements and
each individual measurement.
The reproducibility defines the variation between readings of the same target from two or more instruments. If
instruments are of identical design, that kind of reproducibility is called inter-instrument agreement, while
inter-model agreement represents the reproducibility of
two or more instruments of different design. The reproducibility is quantified with RMS colour difference
(ASTM E2214-08, 2008), obtained from pairwise colour difference assessment of a series of readings from
different samples:
The most precise and accurate colour measurement
instruments are spectrophotometers. However, spectrophotometers with different design have different level
of measurement uncertainty. One of the design parameters, which affect measurement uncertainty, is different
measuring geometry (Nussbaum, Sole & Hardeberg,
2011).
Measuring geometry
The CIE (CIE, 1986) specified four geometric arrangements for colour measurement instruments. These are
bi-directional geometry types: (a) 00/450, (b) 450/00, and
diffuse geometry types: (c) 00/diffuse and (d) diffuse/00,
as shown in Figure 1.

The first number represents the illumination angle
relative to a perpendicular drawn to the plane of the
measured sample. The second angle is the measuring
angle again expressed relative to the normal angle for
the sample.
Figures 1a and 1b show bi-directional geometry with
two types: 00/450 or 450/00. For example, in the case of
the geometry used in a 0°/45° instrument the illumination of the sample is from 0° (90° from the sample
surface), which means that the specular or gloss angle
(the angle at which the light is directly reflected) is
also 0°. The optics are located at 45° from the specular
angle and, thus, do not detect the specular component.
The term diffuse indicates that the illumination or
viewing is not directional but rather diffuse, usually by
the use of an integrating sphere. In diffuse geometry,
illumination or viewing should be in direction normal
to the sample and the remaining is diffused (collected
from all direction) (Randall, 2011). Figures 1c and 1d
show diffuse geometry with two types: 00/diffuse (00/d)
and diffuse/00 (d/00).
In practice, d/00 (or 00/d) instruments are not truly 0-degree instruments, but rather closer to 6-8 degrees from
the normal. For example, in the case of the geometry
used in a 8°/d instrument, the sphere wall is covered
with a highly reflective white substance, while the illuminant is located on the rear of the sphere wall. The diffuse illumination is provided by a baffle preventing the
light source to directly illuminate the sample (Mouw,
1995). The sample is viewed at 8° from perpendicular
which means that the specular or gloss angle is also 8°
from perpendicular and this is where the specular port
is located.
Using 8°/d instead of 0°/d geometry the specular component of reflectance may be excluded by allowing
a portion of the gloss to escape through the specular
port. That implicates that diffuse spectrophotometers
can provide reflectance measurements in two different
ways- the specular component included (SCI) and excluded (SCE). The measurement mode depends wheatear the specular port is opened (SCE) or closed (SCI).
The SCE reading from a diffuse instrument will vary
from a 0°/45° instrument’s reading, since the 0°/45°
geometry truly excludes all of the gloss, while the limited size of specular port may not entirely allow all of
the gloss to escape.
There has been considerable debate about the relative
advantages of two geometries.

Figure 1: Recommended CIE Instrument Geometries
(CIE, 1986)

If the sample is with a matte, regular surface, the amount
of light reflected from that sample would be essentially
constant at all angles, and nearly identical results would
be obtained with both SCI and SCE mode, 0°/45° and
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diffuse instrument. The advantage of using instrument
with diffuse geometry appears in the situations where
the measured samples is with a gloss or/and an irregular
surface, since the diffuse geometry averages out variations in the surface texture by the use of an integrating
sphere (Mouw, 1995).

that the d/00 instruments are typically used. The aim
of the presented work is to evaluate the measurement
uncertainty performance of two measuring geometries
in colour characterization of digitally printed textile
products. The results of this study should contribute in
defining guidance to support the proper measurement
of the coloured textile samples in realistic industrial
conditions.

In the case of irregular or textured surface, the amount
of light reflected varies greatly at differing angles. If
this type of surface is measured with a 0°/45° instrument, the measurement readings can exhibit a wide
variety of readings depending on measurement location (Johnston-Feller, 1983). A large variation between
specular included and excluded readings would also be
obtained when measuring a high gloss, regular surface,
since the majority of the light is reflected at or near the
specular angle. A 0°/45° instrument has an advantage
in measuring regular, non textured surfaces, since it
provides truly specular excluded reading (Billmeyer,
Saltzman, 1981).

Experimental part
Materials and instruments
Measurements were done on three textile materials
(100% polyester) with characteristics presented in
Table 1. Test chart consisting of 100% process colour
patches was printed on these materials using Mimaki
JV22-160 ink-jet printing machine with J-eco Subly
nano inks.
Instruments used for textile colour characterisation
were:
• GretagMacbeth Eye-One Pro (450/00 geometry
with circumferential ring and the lightning aperture 4.5 mm) and
• ChinSpec HP200 (d/00 diffuse geometry with the
lightning aperture 8mm and two measurement
modes: SCI- the spectral component included and
SCE-the spectral component excluded).

In general, bi-directional geometry is superior for measurement of colour and colour differences with good
correlation with the visual assessment. However, for
colorant formulation computation (or colour matching), the diffuse geometry is preferred as it handles
specular light uniformly irrespective of surface properties (Mouw, 1995).
For these reasons, most instruments for colour formulation are diffuse since the colourist wants to measure
strictly colour, especially when referent samples are
not printed on the same substrate as requested for the
match. In many process controls, it is necessary to verify both the geometric quality and colour, and, in these
cases, a 45°/0° or 0°/45° geometry will provide the best
assessment, since these instruments provide information not only about colour difference but also some appearance attributes such as surface gloss.

Both used colour measurement instruments had valid
certifications.
Methods and procedures
Before conducting measurements of printed textile materials, the performance of two used instruments with
different measuring geometries was firstly evaluated in
terms of precision and accuracy according to standard
ASTM E2214-08 (2008). As the standard preparation
for measurements, the instruments were warmed up
with 25 random measurements and then calibrated on
their own white reference tile supplied by the manufacturer according to the manufacturer’s instructions. The
measurement procedures were done according to ISO
13655 (1996).

For textile industry, standards EN-ISO 105-J01 and
105-F10 define following conditions for colour characterizations: textile specimens should be measured
using spectropthotometers with both 450/00 (00/450) or
d/00 (00/d) geometry, using CIE D65 illuminant and 10°
CIE Standard Observer. The standards emphasize that
instruments with different geometries may produce different colorimetric results on most textile materials and
Table 1: Specifications of used polyester (100%) materials
Material Fabric weight
(g/m2)
1
2
3

18

110,6
101.5
141.3

Knitting density-Rows
across length: p/10cm

Knitting density-Number of
loops across length: p/10cm

170
160
260

120
100
120
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Repeatability test procedure
The short –term repeatability is evaluated according to
manufacturers’ instruction using referent white tile and
the MCDM colour differences were calculated (Berns
et al., 2000).
Accuracy test procedure
The 12 colour patches, 6 chromatic (1st row) and 6 achromatic (4th row), from GretagMagbeth ColorChecker
SG test chart (X-rite, 2007) were used to determine the
accuracy of chosen instruments. For both instruments,
single measurements (CIE Illuminant D50, 2° Standard
Observer) of each colour patch had been taken in a
sequence, from which the average was calculated and
compared to the corresponding actual value, provided
by X-Rite (X-Rite, 2009).
Measurements procedure on textile materials
In order to analyze the colour measurement variability
in the case of textile materials, process colours (CMYK)
were printed on three different polyester materials and
then measured (CIE Illuminant D65, 10° Standard Observer) in three different manners:
1. materials were triple folded during measurement,
2. materials were placed on a matte, black backing
specified in ISO 5-3 (standard ISO 13655),
3. materials were placed on a matte, opaque white
backing with L*>92 and C*<3 (standard ISO
13655).

The measurement uncertainties were obtained from 30
measurements. Although ten measurements is generally sufficient to characterise these values adequately,
the uncertainty values are a little larger when a small
number of replicate measurements are used due to elements of uncertainty introduced by the fewer measurements (Ladson, 2010).
Visual assessment
In visual assessment observers compared colour appearance between physical textile samples, viewed at a
45º angle in a Agile Radiant standard lightbox (illuminated with a filtered tungsten daylight simulating lamp
with a correlated colour temperature of 6500±100K),
and patches coloured with Lab values obtained with
spectrophotometric measurements and presented on
a monitor EIZO ColorEdge CG241W. A panel of 10
experienced observers (6 females and 4 males) with
normal colour vision assessed each sample pair, after
2 minutes of adaptation to darkness. All extraneous
light was eliminated. Figure 2 and 3 represent coloured
patches, uniformly coloured and with mapped texture
using LCH mapping method (Milic & Novakovic,
2011) on the scanned images of the physical samples.
The visual assessment was conducted according to
“grey scale” judgment test (Kasikovic et al., 2011),
with following relation between colour difference ∆E
and visual judgement presented in Table 2.

a)

b)

c)

d)

Figure 2: Sample patches coloured with obtained measurement readings (materials were triple folded during
measurement, placed on black and white backing): a) cyan, b) magenta, c) yellow, and d) black patches.
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a)

b)

c)

d)

Figure 3: Sample patches coloured with obtained measurement readings with mapped texture: a) cyan, b)
magenta, c) yellow, and d) black patches.

Table 2: The relation between colour difference ∆E*ab
and visual judgement according to grey scale
Colour difference interval
∆E<0.4
0.4<∆E<1.25
1.25<∆E<2.10
2.10<∆E<2.95
2.95<∆E<4.10
4.10<∆E<5.80
5.80<∆E<8.20
8.20<∆E<11.60
∆E>11.60

Visual judgement
5
4-5
4
3-4
3
2-3
2
1-2
1

Table 3: The short-term repeatability

Model

Short term repeatability
(manufacturer’s agreement)

Short term
repeatability (MCDM
measured)

EyeOne
Pro

Expected: 0.1, (∆E94
D50, 2deg) (value of 10
measurements every 3 sec
on white tabula)

0.014
(pass)

HP200

Expected standard deviation: within ∆E 0.08 –
(interval test 30 times on
white tabula)

0.05 (pass)

Results and discussion
Measurement repeatability and
inter-instrument agreement
Table 3 shows manufacturer’s agreement and the corresponding results in terms of the short-term and medium-term measurements. As can be noticed from Table
2, both instruments had satisfactory repeatability behavior in manufacturers’ tolerances.
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The manufacturers also have defined inter-instrument
agreements within their instrument families. The interinstrument agreement is only checked for the Eye-One
Pro instrument and it is within the acceptable tolerances defined by manufacturer (average ∆E94 0.4, max
∆E94 1.0 (D50, 2°)). Another HP200 instrument was
not available for the inter-instrument agreement testing
during this research.
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Measurement accuracy and inter-instrument
agreement
Figure 4 show the colour difference between each instrument’s reading on the test chart patches and the corresponding actual value.
It can be noticed that the chromatic patches give larger
colour differences than the achromatic ones. The reason for these results lies in the nature of high chroma
sample patches, which are difficult to measure and correct because a small variation in the steep slope of the
reflectance curve causes a large ∆E error (Group of authors: Woodhead Publishing, 2010).
The accuracy of the achromatic patches is on the satisfactorily level. However, the accuracy of some chromatic patches is far outside the defined tolerances. The
presented readings show significant difference between
measurements from HP200 (both the SCI and the SCE
mode) and Eye-One Pro instrument, especially for
“dark skin”, “light skin”, “foliage” and “bluish green”
patches, and no noticeable difference between the SCI
and the SCE measurement mode of the HP200 instrument. The lowest mean accuracy showed the SCE mode
of the HP200 instrument (mean ∆E 4.17), while the SCI
mode of HP200 Eye-One Pro had the similar mean accuracy (mean ∆E 3.19 and mean ∆E 3.21 respectively).
Looking at the pairwise colour differences between
instruments in Table 4, the inter-model agreement be-

tween two instruments can be considered as rather week
for the chromatic patches and good for the achromatic
patches. Since the SCE mode of diffuse instrument
is “mimicking” specular excluded 45°/0° geometry,
larger RMS (Eye-One Pro vs. SCE HP200) than RMS
(Eye-One Pro vs. SCE HP200) value is unexpected result indicating low efficiency of the specular port in the
HP200 instrument. Although the results show a rather
low overall accuracy, a relatively high precision of both
instruments can be considered due to the measurement
dispersion.
Measurement uncertainty of printed textile
materials
Figure 5 shows measurement variability of textile materials. Results from the Figure 5 indicate that both
instruments had the similar measurement repeatability
(repeatability of readings from different parts of the
same sample) in the case of used digitally printed polyester materials. All measures of repeatability lead to the
conclusion that the uncertainties involved are well below the just-perceptible colour difference. Considering
its measuring geometry and smaller lightning aperture
(the larger aperture leads to more averaged measuring
results and, thus, to smaller measurement uncertainty)
it was expected for the Eye-One Pro instrument to exhibit significantly larger measurement variability behaviour on textile materials. The reason for this good
repeatability behaviour of a 450/00 spectrophotometer, in measuring textile materials can be found in

9
8
7

∆E (D50,2)

6
5
4
3
2

HP200 SCI
HP200 SCE
i1-Pro

1
0

Figure 4: Colour difference of two instruments according to the 12 colour patches from GretagMagbeth
ColorChecker SG test chart (CIE Illuminant D50, 2° Standard Observer)
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Table 4: The inter-model agreement between two instruments
∆E*ab

i1-Pro vs.
HP200 SCI

i1-Pro vs.
HP200 SCE

6.98
7.39
2.68
6.33
4.43
6.39
1.61
0.89
1.34
1.35
1.28
1.86
5.70
4.31

6.10
7.60
4.07
6.16
4.32
6.87
3.37
3.58
2.31
0.43
1.19
2.71
5.86
4.60

dark skin
light skin
blue sky
foliage
blue flower
bluish green
white
neutral 8
neutral 6.5
neutral 5
neutral 3.5
black
Mean ∆E error
RMS

∆E (D65, 10 Standard Observer)

its circumferential “ring”, which resolves problem of
poor reproducibility in colour measurement of textile
samples in today’s 450/00 (or 00/450) colorimeters and
spectrophotometers (Randall, 2011). This geometry is
termed circumferential 450/00 geometry to differentiate
it from the bi-directional 450/00 geometry. The additional explanation can be found in the fine textured and
regularly repeating knitting pattern of chosen polyester
materials. The significant influence on measurement
readings had the measurement preparation method
(were the materials triple folded, placed on black backing or white backing). The lowest measurement variability for both instruments is obtained when polyester
materials were triple folded and the worse by measuring with white backing. Another important conclusion
deducted from Figure 5 is that there are no significant
differences in terms of measurement repeatability be-

HP200 SCI vs.
HP200 SCE
0.92
0.50
2.21
0.53
0.55
1.79
2.84
3.11
1.97
1.41
0.12
0.91
1.08
1.69

tween three polyester materials with different fabric
weight and knitting density. Based on this conclusion,
the visual assessment is conducted only for Material 1.
From Table 5 can be observed that instruments showed
difference concerning the inter-model agreement especially in the case of yellow and magenta patches.
However, the calculated colour differences CIE ∆E
2000 which defines a calculation by spectrophotometers close to the colour discrimination threshold of the
human eye and the colour difference ∆E94 tex, which
is specially adapted for the textile materials, show that
this differences are actually less perceptible than it is
obtained with CIE ∆E*ab (CIE ∆E76).

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

i1 3-folded
i1 black backing
i1 white backing
HP200 SCI 3-folded
HP200 SCI black backing
HP200 SCI white backing
HP200 SCE 3-folded
C

M

Y
1

K

C

M

Y
2

K

C

M

Y
3

K

HP200 SCE black backing
HP200 SCE white backing

Figure 5: Measurement repeatability of readings from different parts of the same sample (MCDM ∆E*ab)
(CIE Illuminant D65, 10° Standard Observer)
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Table 5: The inter-model agreement between two instruments (CIE Illuminant D65, 10° Standard Observer)
Colour difference
Eye-One Pro
HP200 SCI
(Eye-One Pro vs. HP200
SCI)
Material 1
a
b
L
a
b
L
∆E*ab ∆E94 tex ∆E2000
C
M
Triple folded
Y
K
C
M
Black background
Y
K
C
M
White background
Y
K
Mean ∆E error
RMS

34.4
32.4
65.7
19.6
33.5
31.2
62.3
19.5
36.5
36.9
72.4
22.9

-5.9
39.0
7.1
-0.7
-5.9
37.4
2.4
-0.7
-6.5
41.4
8.2
-0.8

-23.8
3.0
70.0
-0.6
-23.2
2.2
65.2
-0.5
-24.2
3.6
77.0
0.0

35.2
35.7
69.4
21.8
34.9
36.3
62.7
21.5
39.9
41.4
73.8
27.3

Visual assessment

-4.1
46.6
7.1
2.2
-4.1
44.3
3.3
1.9
-4.0
49.8
8.8
1.9

-23.2
3.6
57.8
-1.4
-23.0
2.3
52.9
-1.3
-22.7
3.4
60.9
-1.4

2.06
8.3
12.75
3.73
2.29
8.58
12.34
3.35
4.48
9.53
16.17
5.35
6.29
8.63

1.36
3.12
3.4
3.14
1.49
3.55
3.07
2.82
2.48
3.6
3.6
3.71
2.68
3.04

1.73
3.74
4.37
4.50
1.94
4.80
3.5
4.06
3.71
4.8
4.3
5.20
3.51
4.02

The summary of t-tests significances is presented in Table 6. The conducted t-tests show significantly higher
visual evaluation grades which represent better visual
match between physical textile sample and coloured
sample on a monitor in the case where mapping of texture is applied on coloured patch, implicating that an
adequate colour mapping method should be used during soft proofing of the textile products since the standard soft proofing technique using solid colour patches
does not include influence of texture on colour appearance.

Results of visual assessment represented on Figure 5
indicate that observers evaluated the measurement
readings from the Eye-One Pro spectrophotometer as
more accurate colour appearance characterization of
textile materials, although this advantage is not significant according to t-test results (except for yellow colour). From Figure 6 can be deducted that best visual
match is obtained when textile material is triple-folded,
so that is the recommended procedure for textile colour
characterisation.
6
5
4

i1 3-folded
i1 black backing

3

i1 white backing
2

HP200 SCI 3-folded
HP200 SCI black backing

1

HP200 SCI white backing

0
C

M

Y

solid colour

K

C

M

Y

K

with mapped texture

Figure 6: Visual judgment of sample pairs- mean grades and standard deviation (Material 1)
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Table 6: T-test significance of visual assessment (Material 1)
T- test
significance

NS- not significant

t-tests significance between instruments t-tests between
( Eye-One vs HP200 SCI )
preparation mode

3-folded

solid colour
3-folded vs 3-folded vs black vs
black back- white backvs
black back- white
white
ing
ing
mapped
ing
backing
backing
texture

C

NS (p>0.05) NS (p>0.05) NS (p>0.05) NS (p>0.05) p<0.05

M

NS (p>0.05) NS p<0.05

Y

p<0.05

K

NS (p>0.05) NS (p>0.05) NS (p>0.05) NS (p>0.05) p<0.05

(p>0.05)

NS (p>0.05) p<0.05

p<0.05

p<0.05

p<0.05

NS (p>0.05) p<0.05

p<0.05

p<0.05

NS (p>0.05) p<0.05

p<0.05

p<0.05

p<0.05

Conclusion

Acknowledgment

Utilizing conveniences of digital colour communication (i.e., no sharing of physical textile samples, only
sharing digital colour data for pass/fail decisions)
throughout the various stages of the supply chain in the
textile industry is an attractive route to increasing the
product quality, shortening production times and reducing costs. However, in order for digital communication
to be effective, the representation of colour patch on a
monitor must correlate to visual appearance of textile
materials or, in other words, the implemented colour
management system must be reliable. Since the fundament of colour management system represent ICC
device profiles, obtained by spectrophotometric measurements, reliability of colour management system directly depends on the spectrophotometric measurement
uncertainty. The uncertainty analysis is the determination of the quality of the measurement result. Quantifying the measurement uncertainty allows textile manufacturers to add value to production process.

This work was supported by the Serbian Ministry
of Science and Technological Development, Grant
No.:35027 “The development of knowledge and production in graphic arts industry”.

Considering results obtained with this study, despite of
the measuring geometry, which is not recommended
for textile materials, Eye-One Pro spectrophotometer
could be used in colour reproduction workflow of textile industry for creating ICC profiles, which will be
used for the accurate soft proof and the colour formulation. Furthermore, for optimal colour management
textile material should be triple folded during measurement and a texture mapping method should be applied
during soft proofing of textile materials.
The direction of further work should involve research
of the measurement uncertainty in the case of different
textile materials with different regular and irregular
knitting patterns.
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Abstract:
The sludge from cardboard mill is commonly landfilled, but it could be recycled into production on-site or reused in
some other way. In this study the use of sludge from cardboard mill as stabilizing agent in the solidification/stabilization (S/S) treatment of lead polluted sediment was examined. The effectiveness of S/S treatment was evaluated by
determining cumulative percentage of lead leached and by applying different leaching tests. Applied S/S treatment
was effective in immobilizing lead irrespective of high concentration in the untreated sample.
Keywords: cardboard mill sludge, contaminated sediment, lead, remediation, solidification/stabilization,
leaching mechanism, leaching tests

Introduction
Paper and cardboard mill sludge is generated by various processes in the production of paper and cardboard,
and increasing quantities produced make the disposal
of this sludge a problem (Battaglia et al., 2007; Monte
et al., 2008).
Waste is mainly generated from pulping, deinking unit
operations and wastewater treatment. The amount and
the composition of the waste depends on the paper and
cardboard grade produced, the raw materials used, the
process techniques applied and the properties to be
achieved. Cardboard mill wastewater treatments typically include a primary treatment consisting of neutralization, screening, and sedimentation to remove suspended solids, which are then dewatered into a sludge
that requires disposal. This primary sludge contains
wood fibers as the principal organic component, as well
First received: 3.9.2011.
Accepted: 17.10.2011.
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as paper and cardboard making fillers (inorganic materials such as kaolin, CaCO3, TiO2, etc.), pitch (wood
resin), lignin by-products, inert solids rejected during
the chemical recovery process, and ash. The primary
method of disposal for this type of sludge has been
landfilling (Jackson et al., 2000; O’Brien et al., 2003).
Landfilling costs in the EU are rising because of increasingly stringent regulations, taxes, and declining
capacity. With landfill space becoming scarce and expensive, some sludges are being burned or incinerated
to reduce their volume and to recover part of the energy
they contain (Navaee-Ardeh et al., 2006).
The use of paper and cardboard mill sludges could be
a good practice for sediment remediation, because of
their organic matter, silicate and carbonate content. The
organic matter is able to form stable complexes with
several metals; the silicates are materials of high cation exchange capacity (CEC) and the bicarbonate/carbonate system is able to increase the pH value of soil.
These chemical features were able to reduce the harm-

Faculty of Technical Sciences - Graphic Engineering and Design

ful mobile metals in polluted soils when the paper mill
sludge was added to them (Calace et al., 2005).
In this study stabilization/solidification (S/S) was used
in order to remediate lead contaminated sediment,
since this is a widely accepted treatment process for
the immobilization of heavy metals contained in wastes
(Coz et al., 2009; de Groot and van der Sloot, 1992; Voglar and Leštan, 2010). S/S of sludge originating from
cardboard industry is a potential tool to stimulate correct industrial sludge disposal in a safe and profitable
manner. In this regard, we propose incorporation of this
sludge into contaminated sediment in order to combine
two types of wastes. At present, dredged sediment, contaminated or not and cardboard mill sludge in Serbia
are deposited in a landfill.
Lead (Pb) is ubiquitous heavy metal pollutant in the environment due to wide-spread use that have received a
great deal of attention because of its toxic effects. Sediments are the final sink for lead input to the water environment, originating from both natural and/or anthropogenic sources, but they may also act as endogenous
contamination sources for aquatic systems (Zhang et
al., 2010). Toxicity and the mobility of elements depend
strongly on their distribution in sediment and its identification helps in understanding geochemical processes
in order to evaluate the remobilisation potential and the
risks induced (Wise et al., 2000). Most commonly used
methods for that are the single and sequential extraction procedures. Several sequential fractionation procedures have been suggested to identify element distribution in “operationally” defined pools; from water
soluble to forms immobilized in mineral lattices. The
five step protocol developed by Tessier et al. (1979) is
the most widely used while many modified procedures
with different reagents or operational conditions have
been proposed (Pertsemli and Voutsa, 2007). In some
studies (Ghrefat and Yusuf, 2006; Jain, 2004; Martley
et al., 2004) the risk assessment code (RAC) has been
used to assess environmental risks and estimate possible damage to benthic organisms caused by contaminated sediments based on the results of sequential extraction procedures. The RAC considers the percentage
fraction of metals that are exchangeable and associated
with carbonates. In this fraction, the metals are weakly
bound to the sediment, and present a greater environmental risk since they are more available to the aquatic
system. The RAC classification defines risk levels as
zero, low, medium, high and very high, depending on
the percentage value (Ghrefat and Yusuf, 2006; Jain,
2004; Martley et al., 2004; Passos et al., 2010).
The mechanisms governing heavy metals leachability
of contaminants from solidified waste forms and evaluation of the long-term behaviors of S/S wastes can be
effectively examined using the American Nuclear Society’s (ANS) semi-dynamic leaching test (ANS, 1986).

The ANS 16.1 provides substantially more information
regarding the “real time” rate at which heavy metals
are released from the solidified product as compared to
other leaching tests. The leaching results extend over a
90-day period instead of a single result at the end of the
test. The most often used leaching test, recommended
by the USEPA, but which provides only one result for
defining the waste toxicity, is the toxicity characteristic
leaching procedure - TCLP test (USEPA, 2002). The
TCLP was specifically designed to mimic acidic conditions in a sanitary landfill and identify wastes that have
potential to contaminate ground water. The Waste extraction test - WET is used in California (CCR, 1998),
US, in a similar manner as the TCLP (determination
of whether a solid waste is a hazardous waste), with
the exception of the liquid-to-solid ratio (10:1) and the
leaching time, the remain of the test was the same as
the TCLP. Also, synthetic precipitation leaching procedure - SPLP tests was developed by USEPA in order
to assess metal mobility in wastes (USEPA, 2002a).
The SPLP test reproduces acid rain conditions and estimates metal mobility when wastes are disposed in an
open area. The SPLP is conducted in a similar fashion
as the TCLP with the exception of the leaching fluid.
In view of the above, the objectives of this study were
to define lead distribution in dredged sediment and
evaluate environmental risk based on the results of sequential extraction procedure and to assess the effectiveness of lead immobilization, S/S treatments with
cardboard mill sludge based on the results of different
leaching tests.

Materials and methods
Fresh sediment was collected, using Eijkelkamp core
sampler, from a middle of sediment reach Great Backa
Canal (Serbia) and was placed in a sealed plastic, acidrinsed box (15x15 cm and 20 cm deep) immediately
after sampling. Organic matter content was determined
as ignition loss, and it was 4.48±0.1 (NEN, 1994). The
sediment pH was measured according to ASTM D
4972-01 (2007) and it was 7.3±0.4. The given values
represent the means of three measurements.
The cardboard mill sludge used was obtained from
cardboard factory situated in Belgrade (Serbia) after
physico-chemical wastewater treatment and its chemical characterisation was: pH 8.6±0.3, CEC 14.8 (cmol
kg-1), water content 39%, organic matter 31%, carbonates 25%, silicates 47%, Pb 0.8 mg kg -1. The sludge
was dried, crushed and passed through a 2.0 mm sieve,
then characterised and used in the experiment.
Pseudo-total lead content was assessed on sample triplicate after aqua regia digestion (ISO, 1995) and mean
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values were used. The standard deviations (% R.S.D.)
obtained (n=3) were below 10%. The results of sediment lead pseudo-total concentrations are discussed in
reference to Dutch regulation standards and Canadian
guidelines, since Serbia has neither an established system of continual monitoring of sediment quality nor
regulations concerning the quality standards (CCME,
1995; Ministry of Housing, Spatial Planning and Environment Directorate-General for Environmental Protection, 2000). Microwave assisted sequential extraction procedure (MWSE) was performed as described
by Jamali et al. (2009), using identical operating conditions applied in each individual BCR fraction. Mean
values were used and the RSDs (n=3) were below
5%. The sum of the four steps sequential procedure
and pseudo-total lead content differed less than 10%.
Pseudo-total sediment metal content and lead content
in sequential extraction procedure steps were analyzed
by AAS (Perkin Elmer AAnalyst™ 700) or ICP-MS
(Perkin Elmer Sciex Elan 5000) according to the standard procedures (NEN, 1990).
Sediment and cardboard mill sludge possessing an
average initial moisture content of 75% and 39% respectively were dried at 1050C to a constant mass. The
sediment and paper mill sludge were mixed in proportion of 95:5 (M1), 90:10 (M2), 80:20 (M3), 70:30
(M4) and 50:50 (M5) by wt. Samples were prepared
in the form of monolithic cubes ((3 ± 0.1) x (3 ± 0.1)
x (3 ± 0.1) cm) by compaction. The compaction was
performed according to ASTM D1557-00 (2000), providing a compactive effort of 2700 kN m m-3. Samples
were cured at 200C in sealed sample bags for 28 days
and then subjected to the leaching tests: standard TCLP
leaching method and ANS 16.1.

the samples were filtered through a 0.45 µm pore size
membrane filter. This test was applied on every sample
in triplicate and the RSDs were below 10%.
The SPLP test is performed in the same manner as the
TCLP. The extraction fluid is made of two inorganic
acids (nitric and sulfuric acid) to simulate acidic rainwater. In a similar fashion as the TCLP, a 100-g sample
of waste material is placed in a 2-liter extraction vessel and mixed with the extraction fluid. The leachate
is then filtered through a 0.45 µm pore size membrane
filter (USEPA, 2002a). This test was applied on every
sample in triplicate and the RSDs were below 10%.
The ANS 16.1 test was applied in duplicate only on
the M2 sample, with deionized water as leachant, and
the RSDs were below 10%. The ANS 16.1 method was
modified by including 0.014 M acetic acid (AA) pH
3.25 as leachant instead of deonized water (DI). This
was applied with the objective to mimic the worst possible conditions of the S/S waste disposed in the environment (influence of acidic rains). All materials in
contact with the leachant were pre-cleaned with HNO3
and subsequently rinsed with deionised water. All results are expressed with respect to sediment dry matter.

Results and discussion
Pseudo-total metal concentrations and sequential
extraction of untreated sample

TCLP test was done according to the USEPA protocol
(USEPA, 2002) 0.l M acetic acid solution with a pH of
2.88 was used to extract control sample and S/S-treated
samples since the pH was above 5. The sediment samples were extracted at a liquid to solid (L/S) ratio of 20
in capped polypropylene bottles on a rotary tumbler at
30 rpm for 18 h. After the extraction, the final pH of
the leachate was measured and the liquid was separated
from the solids by filtration through a 0.45 µm pore size
membrane filter. This test was applied on every sample
in triplicate and the RSDs were below 10%.

Pseudo-total lead concentration in sediment was
2085.6±59.6 mg kg-1. According to Dutch regulation
standards, sediment is polluted with lead (class 4).
Class 4 sediments are of unacceptable quality and need
highest urgency situation, dredging, disposal in special
storage reservoirs, and, if possible, sediment clean-up
measures (Ministry of Housing, Spatial Planning and
Environment Directorate-General for Environmental
Protection, 2000). Compared with Canadian Sediment
Quality Guidelines (CCME, 1995) for aquatic life protection, Pb content is above the PEL. Sediment concentrations above PEL values are expected to be frequently
associated with adverse biological effects. Although
PEL is considered to be applicable to a variety of sediment types, it cannot define uniform values of sediment
pollution as the bioavailability (and hence toxicity) of
contaminants may be different.

The WET test (CCR, 1998) is similar to the TCLP in
that it uses a buffered organic acid solution as the extraction fluid. This test uses a pH buffered citrate acid
solution with sodium hydroxide, a 10:1 L/S ratio, and
a 48-hour testing period. The WET extraction solution
is prepared with a combination of 0.2 M citric acid solution and 4.0 N NaOH to pH 5.0 ± 0.1. One liter of
this solution is added to a 100-g sample and rotated for
48 hours. After rotation, the final pH is measured, and

First fraction in sequential extraction procedure is the
most dangerous for the environment and a small proportion of lead (1.70%) is present in the exchangable
forms and bound to carbonates. Metals in exchangeable
fraction can be exchanged and are in equilibrium with
the ionic content in water. Carbonates fraction mainly
refers to the metals that are precipitated or co-precipitated with carbonate. This fraction is sensitive to pH
variations. Larger portion of lead is bound to reducible
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Table 1. Total cumulative fraction of lead leached (CFL, %) after ANS 16.1 test completion using deionized
water (DI) and acetic acid (AA) as leachants for untreated (SO) and treated sediment samples (M1, M2, M3, M4,
M5)
DI
CFL (%)

SO
18.5

M1
0.08

M2
0.07

M3
0.18

M4
0.25

M5
0.57

19.4

0.27

0.15

0.43

1.20

1.88

AA
CFL (%)

phases, Fe and Mn oxides (26.9%). The Fe–Mn oxides
fraction includes the soluble metal oxides/hydroxides
under slightly acidic pH as well as the metal associated
with reducible amorphous Fe–Mn oxyhydroxides. This
fraction can be dissolved with oxidation–reduction potential change. The distribution profile of lead suggests
that the major portion of lead is associated with residual
fraction (70.6%). Residual fraction represents the stable
metal forms associated with anthropogenic or geogenic
components, the influence of which on the ecological
system is much smaller than the others under the majority of conditions (Quevauviller, 2002). Other studies
also reported similar lead fractionation (Guevara-Riba
et al., 2004; Jamali et al., 2009; Pertsemli and Voutsa,
2007; Pueyo et al., 2008).
The risk connected with the type of association, or the
type of bounding of metals in sediment is described by
risk assessment code (RAC). This criterion indicates
that a sediment which can release in exchangeable and
carbonate fractions less than 1% of the total metal will
be considered safe for the environment. On the contrary, a sediment releasing in the same fraction more
than 50% of the total metal has to be considered highly
dangerous and can easily enter the food chain (Jain,
2004). According to RAC, 1.70% of cadmium in carbonate phases comes under the low risk category.
The nonresidual fractions (exchangeable+reducible+
oxidizable) of lead was 30.7%. This is an indication
that these fractions of lead in sediment are potentially
available for exchange and/or release into the environment.
Leaching Tests: ANS 16.1, TCLP, WET, SPLP
Samples of sediment-cardboard mill sludge mixtures
were subjected to the semi-dynamic leaching test ANS
16.1 (ANS, 1986). This test has not been previously ap-

plied on the mixtures of metal-contaminated sediment
with cardboard-mill sludge. Total cumulative fraction
of lead leached (%) after ANS 16.1 test completion using deionized water (DI) and acetic acid (AA) solution
as leachants are presented in Table 1.
The amount of lead released during the ANS 16.1 tests
for the untreated samples did not exceeded 20% of the
total mass of the contaminant in the waste, which is the
upper limit for the diffusion model to be still applicable
(ANS, 1986). The cardboard mill sludge exhibit good
sorption properties reducing significantly its leacheability compared to untreated sample. This is in agreement with literature data for soil remediation (Battaglia
et al., 2007; Calace et al., 2005).
Amount of lead leached sometimes increases with higher sorbent loading (Table 1). Similar results have been
reported by other authors (Bhattacharyya and Gupta,
2008; De la Rosa et al., 2011, Pérez-Novo et al., 2008).
This may be attributed to two reasons: (i) higher adsorbent amount creates particle aggregation, resulting in
a decrease in the total surface area and an increase in
diffusional path length both of which contribute to decrease in amount adsorbed per unit mass and (ii) a large
adsorbent amount effectively reduces the unsaturation
of the adsorption sites and correspondingly, the number of such sites per unit mass comes down resulting
in comparatively less adsorption at higher adsorbent
amount.
At present, TCLP is used by the USEPA to evaluate
whether a particular S/S process is effective in treating
a given waste in terms of reduction of contaminant mobility and toxicity (USEPA, 2002). TCLP leaching test
results are presented in Table 2.
A comparison of the concentrations obtained in the
TCLP test showed that lead concentration in treated

Table 2. Results of the TCLP, WET and SPLP leaching test (mg L-1) for untreated (SO) and treated sediment
samples (M1, M2, M3, M4, M5)
TCLP
SPLP
WET

SO

M1

M2

M3

M4

M5

2.5
2.3
3.9

0.03
0.01
0.59

0.04
0.02
0.21

0.05
0.03
0.66

0.06
0.05
0.69

0.08
0.07
0.82
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samples is bellow concentration obtained for untreated
sediment which means that the lead is successfully incorporated in treated matrix.
The TCLP Pb concentration was 2.5 mg L-1 of leachate
for untreated sediment, which was lower than the regulatory limit of 5 mg L-1 for hazardous waste (USEPA,
2002). This is agreement with the results of sequential
extraction procedure. Despite of high pseudo-total lead
concentrations lead poses low risk based on the results
of SEP and TCLP. The five S/S treatments reduced the
TCLP concentration to less than 0.08 mg L-1, which
was well below the TCLP limit.
Lower concentrations of Pb were leached in SPLP than
the TCLP test in all samples. This is consistent with literature (Townsend et al., 2004; Janin et al., 2009). Differences in metal leachability between TCLP and SPLP
might result from changes in the solution pH that occur
during the 18 h of leaching that differ between SPLP
and TCLP, and thus result in different amounts of metal
leaching (Townsend et al., 2004).
The WET extracted higher concentrations of Pb than
the TCLP nd SPLP but below WET limit values (CCR,
1998). This is consistent with literature (Townsend et
al., 2004; Townsend et al., 2005). TCLP is conducted
at a 20:1 liquid-to-solid ratio and WET is carried out
at 10:1 liquid to solid ratio; the TCLP is twice diluted
compared to WET and in general higher leachate concentrations are observed at lower liquid-to-solid ratio.
The greater element concentrations observed in the
WET leachates relative to the leachates most likely result, however, from citrate’s propensity to chelate Pb.
Citric acid has multidentate ligands while acetic acid
has monodentate ligands, and in general, complexes
with monodentate ligands are less stable than those
with multidentate ligands (Townsend et al., 2004;
Townsend et al., 2005).
While the single leaching tests TCLP, SPLP, WET are
rapid they do not simulate complex environmental settings. Also, sequential extractions provide semi-quantitative information on element distribution between operationally defined geochemical fractions. Therefore,
the fractions obtained from sequential extractions do
not necessarily reflect true chemical distribution. Not
to forget that one of the main limitations of sequential extraction procedures are that they are extremely
time-consuming, so that they are less used for routine
analysis. Although leaching techniques such as column
leaching tests are probably more realistic to field conditions, sequential extractions and single step extractions
can give an indication of the ‘pools’ or ‘sinks’ of heavy
metals that are potentially available under changing environmental conditions.
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Overall, the treatment was efficient having in mind that
sediment sample had high initial lead concentration
even under the conditions that mimic acidic rains. This
may be difficult to readily explain due to the degree of
complexity of the natural sediment samples. In nature
there are many constituents that could participate in and
influence lead leachability. Further research is required
to obtain some of this information in order to evaluate
the lead speciation and subsequent mechanisms of incorporation and release in these samples.

Conclusion
The assessment of the sediment quality based on the
pseudo-total lead content according to the corresponding Dutch standards and Canadian guidelines showed
its severe contamination. Sequential extraction can be
used as a valuable tool to provide information on the
mobility, bioavailability and potential toxicity of trace
metals in the environment. Lead seems to pose low risk
based on the modified BCR sequential extraction and
risk assessment code, which is not in accordance with
the assessment of the sediment quality based on the
Dutch standards and Canadian guidelines.
The immobilization treatment with cardboard mill
sludge applied appeared to be efficient in the remediation of sediment contaminated with lead. Based on
the cumulative fraction of lead leached and results of
TCLP, WET and SPLP tests it appeared the treatment
was efficient in reducing lead mobility. This could be
explained by the presence in the sludge of organic matter that is able to bind the lead very strongly.
Due to the large volumes of waste generated in the
cardboard, paper and pulp industry, it is necessary to
continue environmental awareness on different applications of wastes, while taking into account the environmental and economic factors of these waste treatments. Conventional waste management methods,
which might have been acceptable in the past, might
not be optimal to meet present and future requirements.
Cardboard mill sludge utilisation to ‘‘remediate’’ a contaminated sediment could be an interesting approach.
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