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a b s t r a c t
Fouling of the anion exchangers with organic compounds is a very common phenomenon. These 
compounds adsorb on the anion exchangers surfaces causing a decrease in the ion-exchange capacity. 
In practice, the performance of ion exchanger is generally assessed based on the breakthrough curves 
and the studies of the adsorption kinetics. There is little research in the literature concerning the 
surface changes of the resin beads. The image analysis enables recognition of the beads morphology, 
and Fourier-transform infrared (FTIR) spectroscopy enables detection of the foulants. To the authors’ 
knowledge, the application of these methods is a new approach to the organic fouling phenomenon. 
In this paper, image and FTIR analyses as well as scanning electron microscopy (SEM) were applied 
to assess the ageing process of two strongly basic anion exchangers in the process of treating of 
effluent containing high concentration of nitrites and nitrates. Effluent from sludge derived from 
fermentation chambers, dewatered on filter presses, and subsequently subjected to biological and 
membrane processes was fed through anion exchangers. The image, SEM and FTIR analyses indicated 
the accumulation of humic acids, which remained on the beads surface after regeneration, causing 
changes in the beads shape from circular to more elongated.

Keywords:  Image analysis; FTIR spectroscopy; SEM; Ageing process; Organic fouling; Anion-exchange 
resin

1. Introduction

The efficiency of ion exchange (IE) is largely influenced 
by the presence of certain additives or impurities in the solu-
tion, which may lead to resin fouling. The most important 
among them are colloidal additives, iron and manganese 
compounds, organic impurities, free chlorine and dissolved 
oxygen. Ion exchangers are sensitive to the presence of polar 
organic compounds in water because they can be irreversibly 

bound by the exchangers and consequently block capillaries 
and the functional groups of ion exchangers [1–3].

The organics are characterised by a broad range of molec-
ular weights, overall negative charge due to the presence of 
the carboxyl and phenolic groups and the structure containing 
aromatic and aliphatic sub-structures [4–6]. The attraction of 
organics to the anion exchanger is nearly the same as for the 
sulfate ion, and the reaction between an organic compound 
and the surface of anion exchange resin occurs quickly. On the 
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contrary, the penetration of an organic molecule inside the 
resin bead is slow due to its size [7]. Organics are mostly com-
posed of humic substances, which are the polymers formed by 
a microbial decay of plant and animal residues and occurring 
widely in natural waters [3,8,9]. Humic substances in terms of 
their solubility in water are classified as: humic acids (HAs) 
(soluble in alkaline water solutions), fulvic acids (soluble in 
water, alkali, alcohols and mineral acids), ulmic acids (soluble 
in alcohols, e.g., ethanol) and humins and ulmins (insoluble) 
[10]. Fouling caused by the presence of organic compounds 
contributes to greater conductivity and lower pH of the fil-
trate, earlier ion exchanger breakthrough point, longer wash-
ing periods following regeneration and lower IE capacity [3]. 
Organic fouling is chiefly caused by soluble HAs, whose struc-
ture includes chloride or hydroxyl ions that are exchanged for 
mobile chloride, sulphate or hydroxyl ions connected with the 
functional groups of ion exchangers [3]. The resulting struc-
tures are accumulated on the surface of the ion-exchanger 
resin bead and block the diffusion of ions inside it. As a result 
the resin becomes hydrophobic, and its moisture decreases, as 
does its porosity and the IE capacity [3,11]. Such connections 
may become irreversible and result in the ineffectiveness of 
regeneration. Thus it is recommended to use polyacrylic res-
ins, which are more resistant than the polystyrene ones due 
to larger hydrophilic structures that enable high-molecular 
organic compounds to penetrate the resin bead thanks to 
its aliphatic structure, and whose regeneration allows for 
the effective removal of organic compounds [3]. The second 
mechanism of organic fouling concerns physical adsorption 
between the hydrophobic moieties of organic molecule and 
the resin polymer [12]. Adsorption takes place mainly when 
weakly basic resins are applied and when the neutral fraction 
of organic matter is removed on strongly basic resins [13].

The performance of the ion exchanger is generally 
assessed based on breakthrough curves of different ions, pH, 
conductivity, turbidity, dissolved organic matter (DOM), etc. 
[14]. The comparison between a resin after being regenerated 
with a fresh one can also be used to assess the capacity loss of 
ion exchanger [3]. The capacity of the resin can be read from 
the titration curves and corresponds to the amount of sodium 
hydroxide that produces change in pH [15]. The adsorption 
performance of the resin can be determined by percolation of 
the solution containing analysed factor such as DOM, HA or 
specific ions in different concentration levels through sepa-
rate IE columns [3,14]. The study of kinetics of the adsorption 
process is another possibility to describe the operation of an 
ion exchanger [11,16–18].

The organic fouling of the anion-exchange resins can be 
evaluated by means of the instrumental methods which are 
focused mainly on the detection and the quantitative deter-
mination of organic compounds. The reduction of the organ-
ics removal with the increase of regeneration number results 
from the increase of foulants on the resin surface [5,17,19,20]. 
The organic matter can be measured on a total organic carbon 
analyser, UV and UV–vis spectrophotometer (UV absorbance, 
UV254), fluorescence spectrophotometer (DOM) or chromato-
graph. The last one is used to estimate the polarities and 
molecular weights of DOM [5,12]. There is little research in 
the literature concerning the analyses of the surface changes 
of the resin beads by means of scanning electron microscopy 
(SEM) and X-ray photoelectron spectroscopy (XPS). To the 

authors’ knowledge, there is no literature on the applica-
tion of image analysis and Fourier-transform infrared (FTIR) 
spectroscopy to study the resin beads surface, which are com-
monly used to assess the fouling of membranes during water 
and wastewater treatment [21–27]. Unfortunately SEM anal-
ysis, unlike FTIR spectroscopy, is not able to give information 
about the foulant species. Walker and Boyer [19] using SEM 
observed greater fouling of the resin regenerated with bicar-
bonate than chloride. Xiao et al. [28] detected microcracks 
on the resin beads resulted from the oxidising behaviour 
of Cr(VI). With the aid of XPS they examined the elemental 
composition of the resin surface and proved the oxidation of 
polymer matrix and functional groups of the resins. XPS can 
also be used to identify the foulants [28,29].

This preliminary study was intended to test whether the 
presently used measurement methods such as image anal-
ysis, SEM and FTIR spectroscopy can aid in determining 
the ageing process of the anion-exchange resins. In order to 
establish the ageing process of strongly basic anion-exchange 
resins, image analysis using the Malvern Morphologi G3SE 
analyser was performed. As a result it was possible to com-
pare the beads of fresh, exhausted and regenerated resins in 
terms of various morphological parameters. The detection of 
the foulant was possible with the aid of FTIR spectroscopy. To 
the authors’ knowledge, using FTIR spectroscopy and image 
analysis to recognise the morphology of the resin beads and 
to detect that the foulants is new approach to assess the 
ageing process of the ion exchangers. These methods sup-
plement the knowledge on the ageing process and lead to 
a better understanding of its nature. The examination of the 
surface of the resin beads by means of FTIR spectroscopy 
and image analysis is quick and cost-effective. This is a new 
approach to the problem because in practice the loss of the IE 
capacity in anion exchangers is controlled by analysing the 
change in the amount of the removed anions per one unit of 
anion-exchange resin in the subsequent service cycles. The 
resin regeneration process was based on sodium bicarbon-
ate. In literature on the subject there have been few investi-
gations into the performance of sodium bicarbonate because 
in most cases chlorides or, alternatively, hydroxides were 
used. Chloride regeneration increases the risk of plumbing 
corrosion posed by waste brine and leads to increased salin-
ity of the environment. Compared to chloride-form resins, its 
bicarbonate form is equally efficient in the removal of nitrates 
and sulphates from water while reducing the harmfulness of 
the resulting waste brine to people and ecosystems [30,31].

2. Materials and methods

The research was conducted with the use of Lewatit 
MonoPlus M 500 and Lewatit S 5428 anion exchangers produced 
by Lanxess (Germany). The former is a strongly basic, gel-
type anion-exchange resin consisting of monodisperse beads 
based on a styrene–divinylbenzene copolymer, whose func-
tional groups are quaternary amines. The Lewatit S 5428 anion 
exchanger is a strongly basic, macroporous anion-exchange 
resin based on a crosslinked polyacrylate. The characterisation 
of both anion exchangers is shown in Table 1.

To load the resins, effluent from sludge derived from a 
fermentation chamber and dewatered on filter presses on 
Janówek Wastewater Treatment Plant (WWTP) was used. 
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Fig. 1 depicts a fragment of the experimental stand situated at 
WWTP Janówek that was used in the research. Before being 
treated with the appropriate IE resin on the stand, the efflu-
ent was subjected to separate treatment during the processes 
of nitritation and nitrification in sequencing batch reactors, 
followed by microfiltration (MF) and nanofiltration (NF). 
Fig. 2 schematically outlines the conducted experiments. 
After the MF process, the nitrificated effluent was directed 
onto an NF membrane placed in a flat sheet module, and the 
obtained permeate was further treated in an IE column con-
taining the Lewatit MonoPlus M 500 resin. Having passed 
the MF membrane, the nitritated effluent was then treated on 

an NF membrane placed in a spiral module, after which the 
permeate was fed through an IE column with the Lewatit S 
5428 resin.

Ten IE cycles were conducted with the Lewatit MonoPlus 
M 500 resin and fifteen cycles with the Lewatit S 5428 resin. 
In each cycle the permeate after NF was fed through the IE 
column using a peristaltic pump. Samples of effluent from 
the columns were taken for physicochemical analysis every 
24 min (1 L). In each cycle the IE process was conducted until 
the nitrate breakthrough point (in the case of tests with the 
Lewatit MonoPlus M 500 resin) or nitrite breakthrough point 
(tests with the Lewatit S 5428 resin).

The conducted experiments were supposed to show that 
under different conditions of the pretreatment and IE the 
organic fouling occurs (even after pretreatment on NF mem-
branes) and the application of modern instrumental methods 
is suitable to describe the changes of the resins surface.

Beads of fresh, exhausted and regenerated (after the 
last cycle of anion exchange) resin were subject to image 
analysis with the Malvern Morphologi G3SE analyser with 
measurement range of 0.5–3,000 µm, SEM analysis and to 
FTIR analysis with the Thermo Scientific Nicolet iZ10 FT-IR 
spectrometer.

The Malvern Morphologi G3SE analyser provides infor-
mation about the particle size distribution, their shapes and 
particle greyscale levels. The reports include all the regis-
tered particles together with their complete individual mor-
phological parameters (diameter, width, length, surface area, 
perimeter, circularity, elongation, convexity, surface porosity, 
density, width to length ratio, etc.) [32].

Attenuated total reflection (ATR) FTIR analyses were 
performed using a Thermo Scientific Nicolet iZ10 FT-IR 

Fig. 1. (1) Ion-exchange system, nanofiltration modules with 
(2) spiral and (3) flat sheet membranes on the experimental stand 
in WWTP Janówek.

Fig. 2. Scheme of conducted experiments.

Table 1
Properties and operation conditions of Lewatit MonoPlus M 500 and Lewatit S 5428 resins

Lewatit Monoplus M 500 Lewatit S 5428

Matrix Crosslinked polystyrene Crosslinked polyacrylate
Structure Gel Macroporous
Functional groups Quaternary amine, Type I Quaternary amine, Type I
Commercial form Cl– Cl–

Appearance Yellow, translucent White, opaque
Mean bead size (mm) 0.61 (±0.05), minimum 90% 0.4–1.6, minimum 90%
Total capacity (minimum val/L) 1.2 0.85
Operating temperature (maximum °C) 70 80
Operating pH range 0–12 0–12
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spectrometer, the module of Thermo Scientific Nicolet iN10 
MX microscope equipped with Smart iTX accessory with dia-
mond plate. Each spectrum of the resin bead is the average 

of 32 scans in the 400–4,000 cm–1 wavenumber range at 4 cm–1 
spectral resolution.

The structure of the beads surface was analysed by SEM 
Zeiss Evo LS 15 (Zeiss, Oberkochen, Germany). Samples 
were coated with gold particles using a 300-s program 
(Edwards, Scancoat six, HHV Ltd., Crawley, UK) transferred 
to the microscope chamber, and observed using SE1 detec-
tor, at 10  kV of filament tension under high-vacuum condi-
tions. Microphotographs were captured at 400× and 7,000× 
magnification.

3. Results and discussion

The physicochemical constitution of raw effluent from 
sludge dewatered on filter press is presented in Table 2, 
whereas Tables 3 and 4 show the effluent after biological 
treatment (nitrification and nitration) and NF. The permeate 
obtained in the NF process was then fed into a steel tank with 
a capacity of 100 L, from which it was taken in the subse-
quent service cycles (the permeate after the NF process on 
a flat sheet or spiral membrane was fed into two different 
tanks). Storing the permeate in tanks significantly altered 

Table 2
Chemical constitution of raw effluent from sludge dewatered on 
filter press

Parameter Raw effluent 

Ammonium (mg NH4
+/L) 648.00

Nitrate (mg NO3
–/L) 1.99

Nitrite (mg NO2
–/L) 2.27

Conductivity (µS/cm) 2,789
pH (–) 8.80
Turbidity (NTU) 9.27
Sulphate (mg SO4

2–/L) 154.70
Phosphate (mg PO4

3–/L) 93.16
Chloride (mg Cl–/L) 253.00
Alkalinity (mval/L) 27.20
Absorbance U254 (cm–1) 0.243

Table 3
Chemical constitution of effluent after nitrification and nanofiltration on flat sheet membrane treated then with Lewatit MonoPlus 
M 500 resin

Parameter Effluent after nitrification Variability of NF permeate composition during whole research

Ammonium (mg NH4
+/L) 0.116 NM

Nitrate (mg NO3
–/L) 2,313 1,791–4,171

Nitrite (mg NO2
–/L) 0.164 NM

Conductivity (µS/cm) 6,133 4,079–7,199
pH (–) 8.00 8.75–9.18
Turbidity (NTU) 5.55 0.22–40.23
Sulphate (mg SO4

2–/L) 37.80 1.70–559.50
Phosphate (mg PO4

3–/L) 411.44 10.24–709.96
Chloride (mg Cl–/L) 204.00 176.00–391.00
Alkalinity (mval/L) 13 5–32
Absorbance U254 (cm–1) 0.161 0.02–0.142

NM, not measured.

Table 4
Chemical constitution of effluent after nitritation and nanofiltration on module with spiral membrane treated then with Lewatit S 
5428 resin

Parameter Effluent after nitritation Variability of NF permeate composition during whole research

Ammonium (mg NH4
+/L) 10.76 0.026–17.79

Nitrate (mg NO3
–/L) 376.65 268.95–863.97

Nitrite (mg NO2
–/L) 5,062 733.63–3,381

Conductivity (µS/cm) 6,157 3,098–4,209
pH (–) 7.80 7.70–9.90
Turbidity (NTU) 3.69 0.14–1.20
Sulphate (mg SO4

2–/L) 107.80 118.50–954.50
Phosphate (mg PO4

3–/L) 276.82 0.46–49.58
Chloride (mg Cl–/L) 240.00 129.8–302.00
Alkalinity (mval/L) 28 7–15
Absorbance U254 (cm–1) 0.184 0.006–0.115
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its constitution because of the occurrence of reduction and 
oxidation processes.

Subjecting the effluent to MF and NF did not eliminate 
organic compounds, which fouled both anion exchangers. 
Fig. 3 presents the Lewatit MonoPlus M 500 resin after five 
service cycles. A similar phenomenon occurred in the Lewatit 
S 5428 resin, albeit its extent was reduced due to greater resis-
tance to organic fouling (Fig. 4).

During the IE process, the colour of the resin changed 
from light yellow to dark brown, and the change persisted 
after the regeneration process as well. The presence of organic 
compounds was indirectly proven by absorbance values with 
wave length of 254 nm (Tables 3 and 4). It resulted in a reduc-
tion of IE capacity (Figs. 5 and 6). The reduced IE capacity 
was also largely affected by the presence of sulphate, phos-
phate and chloride ions in the permeate.

Figs. 7 and 8 show SEM microphotographs of both 
types of anion exchanger at 400× and 7,000× magnification, 

(a)

(b)

Fig. 3. Lewatit MonoPlus M 500 resin (left column on both 
pictures) before and after five service cycles.

Fig. 4. Lewatit S 5428 resin after five service cycles (left column).

Fig. 5. Decrease of total capacity in the research conducted on 
Lewatit MonoPlus M 500 resin, BV – bed volume.

Fig. 6. Decrease of total capacity in the research conducted on 
Lewatit S 5428 resin, BV – bed volume.
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(a)

(b)

(c)

(d)

(e)

(f )

Fig. 7. SEM images of Lewatit Monoplus M 500: (a) fresh, 
(b) exhausted, and (c) regenerated bead, and Lewatit S 
5428: (d) fresh, (e) exhausted, and (f) regenerated bead at 
400× magnification.

(a)

(b)

(c)

(d)

(e)

(f )

Fig. 8. SEM images of Lewatit Monoplus M 500: (a) fresh, 
(b) exhausted, and (c) regenerated bead, and Lewatit S 
5428: (d) fresh, (e) exhausted, and (f) regenerated bead at 
7,000× magnification.
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respectively. Lewatit S 5428 is not a single particle size, but 
it is polydisperse resin, which explains different sizes of the 
beads on Fig. 7. On both figures the surface of the regenerated 
beads appeared different than the surface of the fresh ones and 
similar to the exhausted ones, which indicates the irreversible 
character of the accumulation of the compounds on the resins 
surface. Figs. 9 and 10 show the ATR-FTIR spectra of fresh, 
exhausted and regenerated beads of Lewatit MonoPlus M 500 
and Lewatit S 5428, respectively. It could be observed that the 
spectra of exhausted and regenerated beads were character-
ised by the absorption bands at the same wavenumbers and 
differed from the spectra of fresh beads of Lewatit MonoPlus 
M 500 and Lewatit S 5428. Spectral subtraction of fresh bead 
spectrum from regenerated bead spectrum was performed 
in order to examine the surface of both anion exchangers 
after the regeneration. Fig. 11 shows the spectral subtrac-
tion for Lewatit MonoPlus M 500 and Fig. 12 – for Lewatit S 
5428. The absorbance peaks at around 2,920–2,918 cm–1 and 

around 2,851–2,850 cm–1 most probably indicate the presence 
of aliphatic or alicyclic C–H stretching species. The peak at 
around 1,654 cm–1 indicates the existence of C=O stretching 
[33]. According to Wang et al. [34] and Maluf et al. [35] the 
strong absorption peak at 1,606 and 1,574 cm–1 can be assigned 
to the aromatic structures. The strong peak at 1,750 cm–1 indi-
cates the existence of keto C=O or carboxyl C=O groups, and 
peak around 1,223 cm–1 is attributed to the C–O stretching 
vibration in phenol, ether or alcohol functional groups [34]. 
Therefore it is probable that the compounds adsorbed on the 
surface of the analysed resin beads contained aromatic struc-
tures with aliphatic side chains with keto, phenol or carboxyl 
groups. This confirms that HAs were accumulating on the 
beads of both ion exchangers and were present to a lesser or 
greater degree on the surface of the beads after regeneration.

Image analysis shows a two-dimensional image of 
three-dimensional particles, which serves as the basis for 
calculating various size and shape parameters. The main 
parameter is circle equivalent diameter, the diameter of a cir-
cle with the same area as the two-dimensional image of the 
particle. The diameter of this circle is treated as the diameter 
of the analysed particle [32,36]. Figs. 13 and 14 present the 
percentage share of equivalent beads, and Figs. 15 and 16 – 
high sensitive (HS) circularity of resin beads. Circularity is a 
parameter that informs how close the shape of the analysed 
particle approaches that of a circle. The circularity of the per-
fect circle is 1, while the circularity of narrow and elongated 
objects is close to 0.

It could be observed that fresh resin beads were smaller 
and more circular than the beads of resin after the last cycle 

Fig. 9. FTIR spectra of fresh, exhausted, and regenerated Lewatit 
MonoPlus M 500 beads.

Fig. 10. FTIR spectra of fresh, exhausted, and regenerated Lewatit 
S 5428 beads.

Fig. 11. FTIR spectrum obtained through the subtraction of fresh 
spectrum of Lewatit MonoPlus M 500 bead from the regenerated 
bead spectrum.

Fig. 12. FTIR spectrum obtained through the subtraction of fresh 
spectrum of Lewatit S 5428 bead from the regenerated bead 
spectrum.

Fig. 13. Size distributions of Lewatit MonoPlus M 500 beads.

Fig. 14. Size distributions of Lewatit S 5428 beads.
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of IE, both in the case of Lewatit MonoPlus M 500 and 
Lewatit S 5428 resins. The regeneration process resulted in an 
increase in the size of resin beads due to the phenomenon of 
expansion in the wake of the diffusion of mobile ions inside 
the beads. Regeneration caused an increase in the circularity 
of exhausted resin beads, which proves that chemical com-
pounds adsorbed on the bead surface had been partially torn 
off. The change in the shape of the beads demonstrates the 
occurrence of resin ageing processes due to the adsorption of 
chemical compounds on the beads.

Figs. 17 and 18 show the results of the analysis of the 
width/length ratio (aspect ratio) in resin beads. In the case 
of the Lewatit MonoPlus M 500 and Lewatit S 5428 anion 
exchangers, the percentage of beads with a given aspect 
ratio was similar for the exhausted and the regenerated 
beads. Fresh beads of both anion exchangers used in the 
study were characterised by higher width/length ratios than 
exhausted beads. It proves that as a result of ageing pro-
cesses, the beads of both resins changed their shapes from 
circular to oval.

Fig. 19 presents photographs of the Lewatit MonoPlus 
M 500 resin beads taken by the Malvern Morphologi G3SE 
analyser. The photographs depict a change occurring on 
the surface of the beads due to the accumulation of organic 
compounds. The device used in the study made it possible to 
determine the average of the pixel greyscale levels (intensity 
mean) of the beads surface on the basis of an analysis of the 
colour of pixels forming the beads surface. Intensity mean 
equal to 0 denotes black pixels, whereas level 255 corresponds 
to the white colour [32]. By analysing the graphs shown in 
Figs. 20 and 21 it was possible to determine that intensity 

Fig. 15. HS circularity of Lewatit MonoPlus M 500 beads.

Fig. 16. HS circularity of Lewatit S 5428 beads.

Fig. 17. Aspect ratio of Lewatit MonoPlus M 500 beads.

Fig. 18. Aspect ratio of Lewatit S 5428 beads.

(a)

(b)

Fig. 19. Beads of Lewatit MonoPlus M 500: (a) fresh and 
(b) exhausted.
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mean increased during the exploitation process in both res-
ins. 90% of exhausted and regenerated Lewatit MonoPlus M 
500 resin beads were characterised by intensity mean of 40 or 
higher, while all the fresh resin beads had intensity mean of 
between 45 and 60. About 60% of exhausted and about 90% 
of regenerated Lewatit S 5428 resin beads had intensity mean 
lower than 25, while all the fresh beads had intensity mean 
of more than 25.

The conducted research demonstrated the usefulness of 
the G3SE analyser, FTIR spectrometer and SEM for observing 
the ageing process of anion-exchange resins. By analysing the 
SEM images, FTIR spectra and the morphological parameters 
it was possible to determine the occurrence of a change in the 
shape and size of the beads of both anion exchangers during 
the IE process, which proved the ongoing ageing process. 
The accumulation of chemical compounds on the surface of 
anion exchangers beads was established by SEM and FTIR 
analyses of fresh, exhausted and regenerated beads of anion 
exchangers. It was demonstrated that HAs passed through 
NF membranes (flat and spiral) and accumulated irreversibly 
on the beads of both analysed resins during IE process. In 
the wake of the accumulation the beads shape changed from 
circular to more elongated.

4. Conclusions

• The conducted primarily research on the ageing process 
of strongly basic anion exchangers with the use of image 
analysis, SEM and FTIR spectroscopy made it possible 
to better understand the nature of this phenomenon. 

The aforementioned instrumental methods provide the 
additional knowledge on the resin surface changes which 
occur during the IE process.

• FTIR analysis of fresh, exhausted and regenerated resin 
beads showed the accumulation of HAs on the beads sur-
face of both resins. The regeneration process proved to be 
ineffective, inasmuch as the HAs remained on the surface 
of regenerated beads.

• The performed image analysis showed that the accumu-
lation of chemical compounds on the surface of anion 
exchangers beads resulted in the change of their size 
and shape. Resin regeneration removed compounds 
adsorbed on the surface only to a limited degree, which 
demonstrates the irreversible character of the process.

• It is necessary to conduct further research on the process 
of anion exchangers ageing with research instruments 
using image analysis, SEM and FTIR spectroscopy.
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