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A B S T R A C T

Developing simple and cost-effective electrochemical sensors for widespread on-site application is of consider
able practical importance in agriculture, environmental monitoring and food science. Among multiple sensing 
platforms, potentiometry is particularly effective in terms of simplicity, low cost and mass-production. This work 
is focused on a systematic analysis of the structure – performance relationship using chemometric techniques, 
which can be applied to sensor arrays with varying response patterns. The potentiometric sensitivity of zeolite- 
modified electrodes, containing thirteen synthetic and three natural zeolites, in aqueous solutions of Na+, K+, 
NH4

+, Ca2+ and Mg2+ has been correlated with a range of zeolite characteristics using PCA and PLS modelling, 
thus demonstrating how structural and physical properties impact the performance of zeolite-modified poten
tiometric sensors. In addition to steric factors, e.g. zeolite pore size, the important characteristics governing the 
sensor performance are the Si/Al ratio and the presence of specific extraframework cations. For instance, K+ and 
Na+ show a strong effect on the potentiometric sensitivity towards Ca2+. The level of precision achieved by the 
PLS models indicates that semi-quantitative predictions are feasible. To improve the computational models, 
larger sets of data with a wider range of zeolite-modified sensors are necessary. The constituent materials of such 
sensors should have a set of well-defined properties, which can be controlled and tuned for a particular appli
cation. It is anticipated that synthetic rather than natural zeolites would satisfy such requirements.   

1. Introduction

Zeolites are crystalline microporous aluminosilicates. Their uniform
porosity, thermal stability, non-swelling in water, ion-exchange capacity 
and structural diversity make them suitable for a wide range of com
mercial applications. They are established as core materials in industrial 
catalysis and water treatment facilities, but zeolites can also be utilised 
as sensor components, serving either as matrices for other active con
stituents or as functional sensing elements that are of considerable in
terest in zeolite science [1]. As sensing components, zeolites could be 
applied for the detection of gaseous substances [2–6] or as electro
chemical sensors of dissolved species [7–10]. In the latter group, which 
is a subgroup of chemically modified electrodes, zeolites are utilised in 
zeolite-modified electrodes (ZME) [11]. Since zeolites are electrical in
sulators, they have to be in contact with a conductive matrix in order to 
be used as sensing electrode components. Among the reported 
zeolite-containing electrodes, two main groups can be distinguished: 
zeolite - conductive polymer membranes [12–16] and zeolite - graphite 
matrices, among which the zeolite - modified carbon paste electrodes 

[17–19] are the most common. 
In the electrochemical characterisation of various species, voltam

metric, amperometric, conductometric and potentiometric techniques 
have been used [7–10]. Among these techniques, potentiometry, 
although a very simple method, is rather infrequently used for the 
detection of cationic species. Interestingly, the first reports on zeolites 
utilised as electrode components [16,20] were potentiometry-based. 

According to the literature data [7–10], zeolites can, to a certain 
degree, selectively detect a variety of species: cationic dyes [21], de
tergents [15], pesticides and fungicides [22], neurotransmitters and 
vitamins [12,23], amino acids [24,25] and inorganic cations [26–28] 
(see Table 1). The potentiometric selectivity values presented in Table 1 
were either calculated by separate solution method or, if not explicitly 
stated, they were determined from the reported responses of electrodes 
to specific species. However, the selectivity of zeolites is relatively poor 
compared to classical ionophore-based electrodes. This fact has prob
ably discouraged a wider use of ZMEs, therefore, a limited amount of 
research has been conducted on elucidating the detection mechanisms 
and the parameters affecting the potentiometric response of ZME. 

* Corresponding authors.
E-mail addresses: a.radu@keele.ac.uk (A. Radu), v.l.zholobenko@keele.ac.uk (V. Zholobenko), d.kirsanov@gmail.com (D. Kirsanov).

mailto:a.radu@keele.ac.uk
mailto:v.l.zholobenko@keele.ac.uk
mailto:d.kirsanov@gmail.com
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2021.131343
https://doi.org/10.1016/j.snb.2021.131343
https://doi.org/10.1016/j.snb.2021.131343
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2021.131343&domain=pdf


2

Zeoflites  with  adsorbed  cationic  exchangers [29,30] shoufld  be 

mentioned  as  a  separate  category  since  these  components  are  not 

conined  within  the  zeoflite,  but  rather  are  deposited  on  its  externafl 

surface. Therefore, zeoflites serve onfly as immobiflisation matrices rather 

than as eflectroactive components. The observed seflectivity in this group 

of sensors has been mainfly foflflowing the Hoffmeister series of anions. 

Most of the reported work is conined to the use of zeoflites with the 

faujasite  (FAU)  framework,  such  as  NaX  and  NaY [15,31,32],  with 

severafl other framework types described fless frequentfly. Additionaflfly, 

reports  are aflso focused on the detection performance rather than on 

eflucidating the detection mechanism and the structure - function refla-

tionship.  An  attempt  to  reflate  the  eflectrochemicafl  responses  to  the 

chemicafl and physicafl parameters of the anaflytes and zeoflites have been 

reported  for  cycflic  vofltammetry [26,33] and  indirect  amperometry 

techniques [34], onfly. The steric factors (cation diameter, zeoflite pore 

size) and charge separation have been stated as the flimiting factors of 

the ZME performance. Even though some interesting insight has been 

provided, onfly a flimited number of zeoflites frameworks has been used, 

thus not covering a wider range of zeoflite features avaiflabfle [26,33,34]. 

Moreover,  the  studied  parameters  have  been  targeted  more  on  the 

optimisation  of  the  speciic  eflectrochemicafl  technique,  so  the  concflu-

sions  provided  may  not  be  appflied  compfletefly  to  potentiometric 

appflications. 

In  this  work,  the  observed  eflectrochemicafl  responses  of  zeoflite- 

containing  eflectrodes  to  mono-  (K+,  NH4
+,  Na+)  and  divaflent  (Ca2+, 

Mg2+) cations are determined by potentiometric studies and systemat-

icaflfly  anaflysed  using  chemometric  techniques.  Such  an  approach  is 

essentiafl for the rationafl design of ZME, particuflarfly in the case of muflti- 

sensor arrays. Indeed, such systems with varying response patterns can 

signiicantfly improve the seflectivity of the zeoflite-based sensors [35]. 

However, to the best of our knowfledge, this is the irst comprehensive 

investigation reflating zeoflite properties (Si/Afl ratio, pore size, etc) to 

their performance as the materiafls for potentiometric sensing. Our work 

demonstrates that the performance of zeoflite-containing eflectrodes can 

be  rationaflised  based  on  the  system  parameters  and  that  predictive 

modefls can be devefloped using statisticafl approaches. 

2. Experimentafl section

Graphite powder (particfle size <20 µm, synthetic), sodium chfloride

(NaCfl), potassium chfloride (KCfl), ammonium chfloride (NH4Cfl), caflcium 

chfloride (CaCfl2), magnesium chfloride (MgCfl2) and zinc chfloride (ZnCfl2) 

were purchased from Sigma-Afldrich. Zeoflites NaX (Si/Afl=1.3), KX (Si/ 

Afl=1.3),  NaY  (Si/Afl=2.6)  and  KY  (Si/Afl=2.6)  were  purchased  from 

Tabfle 1 

A summary of the fliterature data on ZME potentiometric studies.  

Species of 

interest 

Observed seflectivity LOD 

(M) 

Linear range 

(M) 

Zeoflite used Preparation method Ref. 

Na+ Na+>>TEA+(a) 0.7 −2  NaA Epoxy resin membrane [16] 

K+ Cs+>Rb+>K+>Na+>Li+ 1 ×

10−5 

2 ×

10−5 

2.5 ×

10−5 

4 ×

10−5 

10−4 – 0.1  CaA Low−viscosity epoxy resin membrane [13] 

Cs+ Cs+>Ag+, K+>Na+>Li+Cs+>>Ba2+>Ca2+>Cu2+ 2 ×

10−5 
3 ×10−5 −

0.1 

MOR Epoxy resin membrane [14] 

Cd2+ Cd2+>Afl3+ − 1 ×10−5 – 1 

×10−2 
NaA Poflysuflfone coated zeoflite on gflassy 

carbon 

[36] 

Cs+ Cs+>K+>Na+>Li+ 3 ×

10−5 
5 ×10−4 – 

0.1 

NaX Poflydimethoxysiflane membrane on Ir 

disks 

[15] 

HDPCL  HDPCL>DTACL(b) − − NaA Poflydimethoxysiflane membrane on Ir 

disks 

[15] 

K+ K+>Ca2+>Ba2+>Li+ − − CHA Neat-pressed zeoflite disk [20] 

H+ H+>>Li+>Na+>NH4
+>K+>Fe2+>Ca2+ 1 ×

10−12 
1 ×10−12 – 

0.1 

“Naturafl zeoflite” (Si/ 

Afl=5.5) 

Screen−printed sofl−gefl graphite mix [37] 

K+ K+>>Na+ 1 ×

10−6 
1 ×10−6 – 1 

×10−2 
ZSM-5 Poflypyrrofle/zeoflite composite [38] 

Cd2+ Pb2+>Cd2+ − 1 ×10–6 – 

1.5 ×10–2 
NaY TEOS “heafled” zeoflite membrane(c) [39] 

NH4
+ NH4

+>>K+, Na+, H+ 1 ×

10−8 
1 ×10−7 – 1 

×10−4 
Cflinoptifloflite Sifloprene−zeoflite membrane 

(ISFET)(d) 
[40] 

Urea  NH4
+>>K+, Na+, H+Urea>Hg2+, Cu2+, Ag+ 3 ×

10−5 
3 ×10−5 −

5 ×10−3 
Cflinoptifloflite Sifloprene−zeoflite−urease membrane 

(ISFET, ENFET)(e) 
[41] 

Cs+, Na+ Na+>Cs+ − − NaY, NaA, MOR  Neat-pressed zeoflite disks [42] 

Cs+ Cs+>K+>NH4
+>Na+>Ca2+>Cd2+>Pb2+>Mg2+>

Cu2+>Li+>Ni2+
4 ×

10−5 
1 ×10−4 – 

0.1 

KY PTEV(f) (benzyfl acetate), siflicone oifl [43] 

Thionine  Thionine>RB6G>RB+>Na+>NH4
+>MB+(g)>>

Sr2+>>Ca2+>Zn2+>Ni2+>Co2+>Afl3+>Mn2+>Fe2+
8 ×

10−7 
1 ×10−6 – 1 

×10−2 
MOR (ion-exchanged 

by thionine) 

PVC (DBP)(h) membrane [21] 

Cs+ Cs+>Tfl+>Cr2+>NH4
+, Na+>Cu2+, Li+, Afl3+>Mg2+>

Bi2+>Ca2+>Ba2+, Mn2+, Cd2+>Zn2+, Co2+>Ni2+
7.3 ×

10−6 
1 ×10−5 – 

0.1 

KY Sofl−gefl matrix [44] 

Cs+ Cs+>NH4
+>Pb2+>Zn2+>Cd2+>Ca2+>Ni2+>Hg2+>

Mg2+
5.2 ×

10−5 
1.0 ×10–4 – 

0.1 

KY PVC (DBP) [45] 

a TEA+- tetraethyflammonium cation 
b HDPCL - hexadecyflpyridinium chfloride, DTACL - Dodecyfltrimethyflammonium chfloride (cationic detergents) 
c TEOS - tetraethyflorthosiflicate 
d ISFET - ion-seflective iefld-effect transistor 
e ENFET - enzyme-flinked iefld-effect transistor 
f PTEV - pofly(tetrafluoroethyflene-co-ethyflene-co-vinyfl acetate) 
g RB6G - rhodamine B6G, RB - rhodamine B, MB - methyflene bflue (aflfl mentioned compounds incfluding thionine are cationic dyes) 
h DBP - dibutyfl phthaflate. 

M. Jendrflin et afl.
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Riogen, USA. Zeoflites MAP (Si/Afl=1.0), NaA (Si/Afl=1.0) and KA (Si/ 

Afl=1.0)  were  provided  by  Crosiefld,  zeoflites  MOR  (Si/Afl=10.0),  FER 

(Si/Afl=10.0),  BEA-12  (Si/Afl=12.5),  BEA-19  (Si/Afl=19.0)  and  ZSM-5 

(Si/Afl=40.0) were obtained from Zeoflyst, and zeoflite LTL (Si/Afl=3.1) 

was suppflied by Tosoh, Japan. Zeoflites HEU-A and HEU-B were from 

Zeodex, UK, HEU-C was provided by Prof A. Waflcarius (Universit́e de 

Lorraine,  France).  OHP  universafl  iflm  (cflear  4243–100 µm)  from  Q- 

connect was used as a substrate. Aflfl the standard aqueous soflutions were 

prepared with ufltrapure water obtained using a Pico Pure 3 system. 

2.1. Zeoflite characterisation 

Zeoflites  were  characterised  by  powder  X-ray  diffraction  (using  a 

Bruker D8 Advance diffractometer Cu Kα at 40 kV and 40 mA, 2θ=5 
−60◦),  scanning  eflectron  microscopy  (Hitachi  TM  3000  with  Bruker 

EDX system at 500x magniication, 300 s EDX data coflflection time) and 

FTIR  spectroscopy  (using  Thermo  iS10  spectrometer  with  a  custom- 

made  ceflfl,  6000 −1000  cm−1,  64  scans,  4  cm−1 resoflution,  trans-

mission  mode)  Further  detaifls  are  provided  in  Ref 46,47 and  in Sup-

pflementary Information. 

2.2. Ion-sensitive pencifl (ISP) preparation 

The  detaifled  process  of  the  ISP  eflectrode  preparation  has  been 

described  in  our  previous  pubflication [48].  Briefly,  a  zeoflite  and 

graphite powder were mixed in a 40:60 mass ratio using a baflfl-miflfl untifl 

a uniform mixture is obtained. Subsequentfly, the mixture was pflaced in 

a  13 mm KBr  peflflet die (Specac) and pressed by the hydrauflic bench 

press  appflying  4  tonnes  fload  to  obtain  a  peflflet  (ISP).  The  eflectrode 

substrate was prepared by cutting a strip of a PET sheet (2.0 ×3.0 cm), 

which  was  then  etched  (afluminium  oxide,  grit  240).  ISP  was  used  to 

draw  a  fline  onto  the  PET  sheet  untifl  the  measured  resistance  of  the 

eflectrode was fless than 3 kΩ. 

2.3. Potentiometric measurements 

Responses of aflfl freshfly prepared, non-conditioned eflectrodes were 

recorded using the Lawson Labs Inc. 16-channefl EMF-16 interface (3217 

Phoenixviflfle  Pike  Maflvern,  PA  19355,  USA)  in  the  stirred  soflution 

against a doubfle-junction Ag/AgCfl reference eflectrode with a 1.0 M of 

LiOAc bridge eflectroflyte (Ffluka). For the measurement of the potentio-

metric responses, aflfl the eflectrodes were immersed into 200 mL of ufltra- 

pure  water  foflflowed  by  stepwise  addition  of  the  standards  of  known 

concentration,  which  were  prepared  using  0.1  M  stock  soflutions  of 

various saflts (Tabfle S1). Potentiometric responses were recorded after 

each  addition.  The  eflectrodes  were  rinsed  with  ufltra-pure  water  and 

dried before immersing into the next sampfle to prevent carryovers. The 

ion  activities  were  caflcuflated  from  the  caflibration  curve  using  the 

Nikoflsky-Eisenman equation, whifle the activity coeficients (flog a) were 

caflcuflated  according to the  Debye-Hückefl approach.  Six eflectrodes of 

the same kind were used, but for cflarity reasons, the averaged responses 

and the standard deviations have been presented. 

2.4. Data processing 

Aflfl  the  caflcuflations  were  performed  using  the  Unscrambfler  9.7 

(CAMO, Norway) software. To study the influence of the zeoflite type on 

the eflectrochemicafl response characteristics of the corresponding sen-

sors  we  appflied  two  different  chemometric  approaches.  The  irst  was 

based on principafl component anaflysis (PCA). PCA is a common toofl for 

expfloratory  data  anaflysis  that  aflflows  convenient  visuaflisation  of  the 

initiafl  mufltivariate  dataset  in  the  form  of  2D  pflots  yieflding  vafluabfle 

information on the simiflarity and dissimiflarity of the studied sampfles (in 

our  case  sensors).  A  detaifled  description  of  PCA  methodoflogy  can  be 

found eflsewhere [49]. In the case of PCA, the anaflysed data matrix was 

comprised of the zeoflite properties data set obtained for aflfl the studied 

materiafls. 

The second approach was based on partiafl fleast squares regression 

(PLS). To reflate the vaflues of the sensor responses towards different ions 

with the physicafl and chemicafl properties of the utiflised zeoflites, the 

foflflowing mufltivariate regression modefl was buiflt:  

Sensitivity =b0 +b1×Property1 +b2×Property2 +… +bi×Propertyi⋅

The  vaflues  of bi coeficients  were  caflcuflated  according  to  the  PLS 

aflgorithm [50]. The zeoflite properties are flisted in Tabfle S2. The matrix 

of  properties  was  mean-centred  and  normaflised  coflumn-wise  with 

standard  deviation  vaflues  for  each  property prior  to  the  caflcuflations. 

The obtained vaflues of regression coeficients bi were used to judge the 

effect of different properties on the sensitivity vaflues. 

3. Resuflts and discussion

3.1. Zeoflite characterisation 

The range of zeoflites utiflised in this work incfludes sixteen materiafls, 

most of which are commerciaflfly avaiflabfle, with a signiicant variation of 

compositions and structurafl properties. This is important for the fabri-

cation of inexpensive sensors as weflfl as for generating a better prediction 

modefl for the seflection of zeoflites with superior performance for sensor 

appflications. 

Fig. 1 presents a typicafl exampfle of characterisation data for the NaY 

zeoflite.  The XRD pattern  is indicative of  a  highfly crystaflfline materiafl 

with the FAU structure type and the size of crystaflfline domain of 0.8 µm, 

which  is  in  accord  with  the  eflectron  microscopy  data.  This  is  aflso 

conirmed  by  the  nitrogen  adsorption  resuflts:  NaY  possesses  a  3D 

channefl network with the pore size of just over 7 Å. The flow intensity of 

the SiOH peak in the FTIR spectra is characteristic of a zeoflite with a 

reflativefly flarge particfle size and very few structurafl defects. 

A compflete set of characterisation resuflts for aflfl 16 zeoflites utiflised in 

this study is presented in the Suppflementary Information section. The 

XRD patterns of the studied zeoflites (Figs. S1-S16) correspond to those 

avaiflabfle in the fliterature [51], with aflfl materiafls demonstrating a high 

degree of crystaflflinity. The XRD data have been aflso used to determine 

the size of the crystaflfline domain (Tabfle S2), which varied from 0.9 to 

0.02µm. The chemicafl composition data (SEM-EDX) show a wide range 

of Si/Afl ratios (1−40) and the content of extraframework cations. Syn-

thetic materiafls contain varying concentrations of NH4
+, Na+and K+

ions, whifle in the naturafl zeoflites Ca2+, Mg2+and Fe3+are present as 

weflfl  (Tabfle  S2).  Large-,  medium-  and  smaflfl-pore  zeoflites  have  been 

utiflised with the pore sizes from 3.3 to 7.5 Å. These materiafls possess 

1D,  2D  or  3D  networks  of  channefls  and  cages [52].  In  addition,  the 

studied zeoflites demonstrate a diverse range of particfle sizes (SEM or 

TEM measurements) and concentration of the terminafl siflanofl groups 

(Si-OH)  (Figs.  S17-S32).  The  flatter  is  expected  to  increase  with 

decreasing crystafl size (Tabfle S2). Aflfl these properties can influence the 

interactions  between  the  zeoflite  and  cations  in  soflution,  fleading  to 

different seflectivity and sensitivity of various zeoflite-modiied sensors. 

In  our  previous  work [48],  the  response  of  NaX-containing  ISP--

drawn eflectrodes to a number of cations was demonstrated as a proof of 

concept (Fig. 2). It was determined that the optimum composition for 

ISP peflflets is 60–40 wt% graphite-zeoflite ratio since the highest sflope 

vaflues  are  obtained.  The  flower  zeoflite  content  resuflts  with  flower 

potentiometric  response  since  there  is  fless  of  the  functionafl  eflement 

present, whifle higher zeoflite content fleads to brittfle peflflets and the floss 

of  drawing  abiflity.  Aflso,  the  fload  of  4  tonnes  enabfles  more  compact 

peflflets  than  2  tonnes,  whifle  keeping  the  zeoflite  framework  flargefly 

intact.  Thus  the  contact  between  zeoflite  and  graphite  particfles  is 

improved. On the other hand, fload of 6 tonnes fleads to a decrease in 

potentiometric responses indicating that some framework degradation is 

taking pflace as conirmed by XRD data. The optimum response for Na+

was  55.1 mV/decade,  which  is  cflose  to  a  Nernstian  response  of 

M. Jendrflin et afl.
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59.2 mV/decade.  ISP-drawn  eflectrodes  were  used  as  disposabfle  since 

the floss of response is observed over proflonged exposure to water, most 

flikefly  do  to  water  ingress  in  the  voids  between  particfles  of  graph-

ite/zeoflite composite flayer. Previousfly, for buflk “piston-type” eflectrodes 

it  was  attempted  to  overcome  this  probflem  by  using  iflflers,  such  as 

minerafl oifl and parafin [17,53]. However, even then the surface flayers 

of such eflectrodes had to be removed by abrasion after severafl experi-

ment  cycfles  to  regain  the  detection  abiflity.  Aflthough  the  zeoflite  hy-

drophiflicity  varies  with  Si/Afl  ratio,  aflfl  the  zeoflites  used  in  this  work 

(SiAfl =1–40)  readifly  absorbed  water  in  contact  angfle  experiments. 

Therefore, the effect on the water ingress was not considered as reflevant. 

Exampfles of the sensor data obtained for ive cations (K+, Na+, NH4
+, 

Ca2+,  Mg2+)  using  ISP-drawn  eflectrodes  based  on  the  sflopes  of  cafli-

bration  curves  in  the  concentration  range  from  10−4 to  10−2 M  are 

presented in Tabfle 2. Most zeoflites foflflowed the Hoffmeister series of 

cations (e.g. NH4
+>Cs+>Rb+>K+>Na+>Li+>Mg2+>Ca2+), which 

has  aflso  been  observed  as  a  generafl  trend  for  the  fliterature  vaflues 

(Tabfle 1 and references therein). In contrast, the sensitivity towards K+

is higher than that for NH4
+; aflso, K-containing zeoflites have shown a 

high response to Ca2+ions. Aflthough many reports [13–15,43–45] have 

shown that the highest responses are observed for Cs+, this cation has 

not been incfluded in this study since the target appflication of our work is 

monitoring pflant nutrients. The resuflts presented demonstrate that the 

potentiometricaflfly  determined  sensitivities  deviate  from  the  ideafl 

Nernstian response, at the same time providing variabiflity that can be 

reflated to the physicafl and chemicafl properties of the studied zeoflites. 

PLS modeflfling has been used to reflate these properties to potentiometric 

responses  of  the  ISP-drawn  eflectrodes,  whifle  PCA  modefls  have  been 

empfloyed to evafluate the zeoflite properties data set. 

3.2. PCA modeflfling 

PCA  modeflfling  has  been  performed  to  visuaflise  the  variabiflity  of 

zeoflite properties. (Fig. 3) The foflflowing parameters have been used for 

Fig. 1.Characterisation data obtained for NaY zeoflite: (a) XRD pattern, (b) FTIR spectrum, (c) nitrogen adsorption-desorption isotherm, and (d) SEM micrograph.  

Fig. 2.Sensitivity data obtained with NaX-containing ISP-drawn eflectrodes for 

Na+ cations  (bflack),  K+ (red),  NH4
+ ( bflue),  Ca2+ (green),  Mg2+

(purpfle), potentiometric responses are offset for cflarity. 

Tabfle 2 

Sflopes  of  potentiometric  responses  of  ISP-drawn  eflectrodes  (the  sflopes  are 

measured in mV/dec, in the range of flog[c] from −5 to −3.25 using chflorides of 

mono-  and  divaflent  cations,  and  are  presented  as  a  mean  of  6  measur-

ements±the standard deviation). Note that the range of flog[c] was dictated by 

the  observed  flinearity  whifle  the  possibfle  origin  of  flinearity  floss  at  flog[c] 

>−3.25 is discussed in detaifl in Jendrflin et afl [48].  

Zeoflite  Na+ K+ NH4
+ Ca2+ Mg2+

NaX  55±4  37±5  37±4  19±10  35±7 

KX 31±5  30±4  34±8  72±5  22±6 

NaY  42±5  70±3  39±3  13±3  17±3 

KY 28±3  48±3  42±7  53±7  18±2 

NaA  29±2  34±3  14±2  15±2  5±3 

KA 23±5  31±2  6±1  45±8  -6±3 

MOR  47±4  57±5  34±4  28±5  12±5 

FER  17±5  41±12  27±6  14±2  10±2 

BEA 12  21±5  12±5  23±4  30±10  15±8 

BEA 19  30±4  35±3  27±4  29±6  8±3 

ZSM-5  18±3  42±4  20±5  11±3  6±5 

LTL  33±3  58±7  35±3  53±10  20±9 

MAP  14±5  28±5  28±3  35±3  15±3 

HEU-A  19±2  46±6  40±2  43±2  11±2 

HEU-B  15±4  8±8  12±2  8±6  10±2 

HEU-C  22±3  34±13  15±7  25±7  12±2  
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the studied zeolites: Si/Al; Al/(Si+Al); Pore Size (Å); Largest Channel, 
MR; Channel Network; Extraframework Cations (Na+, K+, NH4

+, Ca2+, 
Mg2+ or Fe3+); Crystallite Size (XRD); Particle Size (SEM-TEM); SiOH 
Intensity (Table S2). 

PCA score plots are the so-called maps of samples, where each point 
represents one zeolite. The location of the points in the PC space in
dicates their similarity or dissimilarity in terms of the variables 
employed for the calculation of PCs (here, these are the characteristics of 
zeolites). The points located close to each other are similar, and vice 
versa. A PCA loadings plot is a “map of variables”. It shows the impor
tance of a particular variable for the direction of PC. Each point repre
sents one zeolite parameter. If the variables are close to each other in the 
loadings plot, they are positively correlated. If they are located opposite 
to each other relative to the graph origin, they are negatively correlated. 
The percentage variance is the amount of variability in the data taken 
into account by each PC. Thus, for PC1-PC2 space, where the explained 
variance is 56%, the Pore Size and Largest Channel variables are posi
tively correlated, whereas the presence of Na+ and that of NH4

+ as 
extraframework cations are negatively correlated. It can also be 

observed that zeolites with the lower Al content (MOR, BEA-12, BEA-19, 
ZSM-5) are grouped opposite to zeolites with the higher Al content, such 
as NaX, NaY, NaA, KX, KY, KA. For example, it can be deduced from the 
PC1-PC2 plot that NaA is different from ZSM-5 largely due to the Pore 
Size, Al/(Si+Al), Na+, NH4

+ and Si/Al parameters (this conclusion is 
made considering both scores and loadings together), which agrees with 
their structural characterisation data, catalytic performance and spec
troscopic analyses. 

For the PC3-PC4 space, the explained variance is 24%, the parame
ters Pore Size and Largest Channel variables are positively correlated, 
similar to the PC1-PC2 plot. On the other hand, Crystallite Size and 
Silanol Intensity are negatively correlated, as are the presence of Na+

and K+ extraframework cations. It can also be observed that zeolites 
with larger pore size, i.e. NaX, NaY, KX, KY, are grouped opposite of 
zeolites with a smaller pore size such as NaA, KA or MAP. For example, it 
can be concluded from the PC3-PC4 plot that zeolite MAP is different 
from LTL mainly due to the Channel Network, Silanol Intensity, SEM- 
TEM, Na+, K+ and Si/Al parameters (this conclusion is made consid
ering both scores and loadings together). Once again, this is in 

Fig. 3. PCA score plot based on the properties of the zeolites PC1-PC2 (a), PCA loadings plot for PC1-PC2 (b), PCA score plot based on the properties of the zeolites 
PC3-PC4 (c), and PCA loadings plot for PC3-PC4 (d). 
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accordance with the characterisation data available for these materials. 
Overall, these data confirm that the zeolites utilised in this work for 

the fabrication of ISPs demonstrate a significant variation of composi
tions and structural properties, which is important for a more reliable 
PLS modelling. 

3.3. PLS modelling 

Multivariate regression models have been constructed to identify the 
most important properties of zeolites that impact the sensitivity of 
potentiometric sensors. The set of parameters for all zeolites has been 
related to the potentiometric sensitivity towards a particular ion (K+, 
NH4

+, Na+, Ca2+, Mg2+). Since all parameters are in different units, their 
values have been autoscaled prior to modelling. The figures below are 
presented as “measured vs predicted” plots indicating real sensitivity 
values towards an ion (in mV/dec) and those predicted by the PLS model 
during calibration and cross-validation. The absolute values of the 
regression coefficients in the corresponding charts indicate the impor
tance of particular zeolite parameters in the development of sensor 
response. 

For zeolites as electroactive components to have an electrochemical 
response, a prerequisite requirement is that a cation can enter the zeolite 
channel network. If the zeolite pores are too small for solvated cations to 
enter, no or almost no electrochemical response is observed [16,33,34]. 
Based on their pore size, all the utilised zeolites could accommodate the 
studied cations, Table S2, although the number of cations entering the 
zeolite pores would depend on the Si/Al ratio and specific structural 
features of the zeolite. It should be noted that the term “cation size” 
should be used with caution, as it is the size of the hydrated cations that 
is important, and indeed, this can explain the high responses for Cs+

reported in the literature. At the same time, the degree of hydration of 
different cations inside the zeolite pores is not well defined and can 
change depending on the zeolite and the experimental conditions.  
Fig. 4a presents a PLS model predicting the sensor sensitivity towards 
NH4

+ based on a number of zeolite characteristics. The model demon
strates that all the natural zeolites (HEU-A, HEU-B, HEU-C) and zeolite 
MAP are outliers. This can be explained by the less uniform structure and 
composition of natural zeolites as compared to the synthetic counter
parts, which could cause the potentiometric responses to vary from the 
rest of the zeolites. On the other hand, zeolite MAP is known for its 
flexible structure, indeed, the unit cell volume can change by up to 30% 
upon hydration-dehydration [54], which may have an impact on its 
ion-exchange properties. Therefore, HEU-A, HEU-B, HEU-C and MAP 
have been excluded from the initial model, leading to a significantly 
better regression model (Fig. 4b, Table 3). This limits the predictions to 
the commercially available samples only, which is associated with their 
better defined characteristics. We believe that the exclusion of HEU and 
MAP zeolites should not hinder the applicability of the proposed model. 

The regression coefficients of this model (Fig. 4c) indicate that in 
addition to Pore Size and Largest Channel, previously recognised as 
important parameters [26,33,34], relevant parameters contributing to 
this model are Al/(Si+Al) and Silanol Intensity. The former is linked to 
the Si/Al ratio but is a better measure of the Al concentration, which 
affects the total ion-exchange capacity of a zeolite, while the latter is 
related to the particle size as smaller particles have a higher external 
surface area covered by silanols. These results may be linked to a better 
dispersion of the smaller zeolite particles in the graphite matrix. In 
addition, as the ion-exchange process is limited by the diffusion of cat
ions into zeolite channels, the mass-transfer limitations could become 
important for zeolites with a very different particle size. However, based 
on independent experiments, e.g. ion-exchange studies, and considering 
the time scale of the experiments, we believe our measurements have 
been conducted under steady-state conditions. However in general, 
cation diffusion in small and large zeolite crystals may have an effect on 
the sensitivity of ISP-drawn electrodes towards species of interest. 

A PLS regression model “measured vs predicted” for the 

Fig. 4. PLS regression model for the potentiometric sensitivity towards NH4
+, 

(a) including all zeolites, (b) without MAP and HEU zeolites (RMSEC 2.1 mV/ 
dec, RMSECV 4.1 mV/dec, R2cal 0.96, R2val 0.88), and (c) regression co
efficients for the PLS regression model with 4 LVs for the potentiometric 
sensitivity towards NH4

+, which excludes HEU and MAP zeolites. 
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potentiometric sensitivity for Ca2+is shown in Fig. 5a aflongside the bar 

chart with the regression coeficients presented in Fig. 5b (with three 

naturafl zeoflites and zeoflite MAP excfluded from the modefl). 

Parameters affecting the Ca2+regression pflot (Fig. 5b) the most are 

the presence of sodium and potassium as extraframework cations and 

the afluminium content in zeoflites, which is described by the Si/Afl ratio 

and  the  Afl  fraction.  In  contrast  to  the  NH4
+ sensitivity  modefl,  the 

presence  of  K+ and  Na+ are  the  most  signiicant  contributors.  This 

feature  has  not  been  observed  previousfly  for  other  eflectrochemicafl 

techniques (cycflic vofltammetry and indirect amperometry) as a reflevant 

parameter. Indirectfly, the potentiometric sensitivity can be enhanced by 

preconcentration  of  soflutions  containing  the  same  kind  of  cations 

[43–45], but the effect of extraframework cations present in a zeoflite on 

the PLS regression modefl for the potentiometric response has not been 

reported. Si/Afl ratio has been recognised as an important parameter in 

agreement with the generafl ion-exchange observations that the zeoflites 

with a higher Afl content have a greater afinity to mufltivaflent cations, 

whifle  the  more  sifliceous  zeoflites  have  a  greater  afinity  towards 

monovaflent cations [1]. 

The PLS regression modefl parameters for aflfl studied cations (NH4
+, 

K+, Na+, Ca2+and Mg2+) are compifled in Tabfle 3. In generafl, these data 

(in particuflar, RMSECV vaflues, which are given in mV/dec) impfly that 

semi-quantitative modefls for the prediction of zeoflite sensor sensitivity 

can be constructed using PLS regression. The parameters of the modefls 

assume that the best correflation is observed for ammonium and caflcium. 

During the initiafl characterisation of the ISP-drawn eflectrodes, the 

sensitivities towards severafl transition metafl cations have been recorded 

[48]. However, the responses towards these cations have been very flow 

and inconsistent, and therefore no viabfle modefls have been estabflished. 

These indings can be flinked to the compflex nature of the ion-exchange 

processes invoflving transition metafl ions, which are frequentfly accom-

panied by the precipitation on the externafl surface of zeoflites [1]. 

It shoufld be noted that in our previous work [48], PLS modeflfling was 

used  to  predict  the  concentration  of  Mg2+(10−4-10−2 M)  in  mixture 

soflutions  of  4  cations  (K+,  NH4
+,  Ca2+,  Mg2+).  A  totafl  of  20  pflant 

nutrient modefl water soflutions were prepared according to the experi-

mentafl design for mufltivariate caflibration. The cross-vaflidation R2 co-

eficient was  0.83 and RMSECV 0.34 flog[Mg2+]. Aflso, the modefl was 

used to predict the concentration of Mg2+in a test set with 6 randomfly 

removed vaflues. The Pearson’s R was 0.944 and the mean reflative error 

8.4%. 

Using  the  data  obtained  so  far,  good  quaflity  modefls  for  the 

commerciaflfly  avaiflabfle  synthetic  zeoflites  have  been  generated;  how-

ever,  they can be further improved  by  incfluding a greater number of 

sampfles used for caflibration. Additionaflfly, potentiometric responses for 

a variety of naturafl zeoflites are required, either to enhance the perfor-

mance  of  the  existing  modefls  containing  both  synthetic  and  naturafl 

zeoflites or to estabflish a new modefl speciicaflfly for naturafl zeoflite. 

4. Concflusions

In  this  work,  the  potentiometric  response  of  ISP-drawn  zeoflite- 

modiied eflectrodes,  containing  thirteen  synthetic  and  three  naturafl 

zeoflites,  in  aqueous  soflutions  of  Na+,  K+,  NH4
+,  Ca2+ and  Mg2+ is 

reflated to a range of zeoflite characteristics using PCA and PLS modefl-

fling. It is concfluded that physicafl properties impact the zeoflite-modiied 

potentiometric sensor performance. In addition to the previousfly stated 

steric factors, such as pore size, the important features, which by and 

flarge  determine  the  sensor  performance,  are  the  Si/Afl  ratio  and  the 

presence of speciic extraframework cations. For exampfle, K+and Na+

affect the potentiometric sensitivity towards Ca2+. The flevefl of precision 

attained  by  the  modefls  impflies  that  semi-quantitative  predictions  are 

possibfle. To improve the computationafl modefls further, a flarger dataset 

with a wider range of zeoflite-modiied sensors is needed. The constitu-

ent materiafls of such sensors shoufld have a set of weflfl-deined proper-

ties, which can be designed and tuned for a particuflar appflication. It can 

be expected that synthetic rather than naturafl zeoflites woufld satisfy such 

requirements.  Indeed,  aflthough  the  flatter  are  fless  expensive  and  are 

avaiflabfle in flarge quantities, it is chaflflenging to controfl their properties. 

It  shoufld  be  noted  that  the  seflectivities  of  singfle  zeoflite-modiied 

potentiometric  sensors  are  flimited,  especiaflfly  as  compared  to  the 

traditionafl ion-seflective eflectrodes. Therefore, incorporating them into 

muflti-sensor arrays is required to optimise the operation of such sensors. 

Tabfle 3 

PLS regression data for aflfl the caflcuflated systems.  

Modefl cation  RMSEC  RMSECV  R2-cafl  R2-vafl 

NH4
+(*) 2.1  4.1  0.96   0.88 

Ca2+(*) 7.41  12.3  0.84   0.64 

Mg2+(*) 4.2  7.8  0.81   0.46 

K+ 4.2  9.0  0.90   0.59 

Na+(**) 2.1  6.0  0.94   0.52 

(*) without HEUs and MAP 
(**) without ZSM-5. 

Fig.  5.PLS  regression  modefl  for  the  potentiometric  sensitivity  towards  Ca2+

without MAP and HEU zeoflites, (RMSEC 7.4 mV/dec, RMSECV 12.3 mV/dec, 

R2cafl  0.84,  R2vafl  0.64),  b)  PLS  regression  coeficients  for  the  modefl  with  3 

LVs (b). 

M. Jendrflin et afl.
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This should ultimately lead to the improvement of multi-sensor array 
performance, both in terms of sensitivity and selectivity, in a range of 
analytical applications, including among many others agriculture, 
environmental monitoring and food science. 
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