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Abstract

In this project the efficiency of the ion exchange process of HZSM-5 with copper
and zinc cations was investigated. The method utilised was found to be ineffective
at the completion of this aim and no meaningful conclusions could be drawn from
the data collected.

1 Aim

This project aimed to investigate how the efficiency of the ion exchange process is effected
by the cation being exchanged. Specifically a comparison between the copper and zinc
cation exchange processes of an HZSM-5 zeolite was attempted.

2 Introduction

Zeolites are crystalline, microporous solids used for a large number of purposes such as
for catalytic cracking, air purification, water softening and desiccants.? This project
was completed using the ZSM-5 (Zeolite Socony Mobil-5)3 zeolite which has important
uses in the petrochemical industry such as for the conversion of methanol to gasoline,
dewaxing of distillates, separation of organic products (such as separating para-xylene
from its isomers), the interconversion of hydrocarbons.*6

2.1 Structure

Each zeolite is comprised of a finite or infinite number of unique unit cells each of which
is made from a constant, integral number of the same type of secondary building unit
(SBU) with each vertex in the SBU being a tetrahedron of either [SiO4] or [AlO4]  (which
are themselves the primary building units).>7 1 Each aluminium tetrahedron in a SBU
introduces a negative charge — since aluminium has a 3+ oxidation state compared the 4+



oxidation state of silicon — which is balanced by the presence of cationic counterions.? 11
The ZSM-5 zeolite used is a pentasil*'? zeolite (constructed of eight five-membered rings)
with an SBU containing twelve AQy tetrahedra which form a pair of five-one units*"!2
as shown in figure 1 (A-O-A bridges are shown as straight lines to increase the clarity
of the images and since the A-O-A bond angle is around 140-150° = 180° for silicas and
aluminosilicates and the A atoms are represented by the vertices).”

Figure 1: Secondary building unit for ZSM-5 zeolite.*

These SBUs then form long chains (figure 2) which then themselves interconnect to form
layers hence giving a unit cell containing eight SBUs figure 3.* In 3 one of the chains

(shown in figure 2) is highlighted to demonstrate how the chains interconnect to form
layers.

/

Figure 2: Chain building unit for ZSM-5 Figure 3: Layer of ZSM-5 zeolite.*
zeolite.t

Since there are eight SBUs of twelve tetrahedra per unit cell there are 8 x 12 = 96 A
atoms and there are two oxygen atoms per individual A atom in the cell'® so per unit



cell there are 2 x 96 = 192 oxygen atoms.” This gives the unit cell formula given in 2.1.1
where X is a cation with a charge of ¢, hence % of these cations are required per negative

charge.

Xg Aln SigG_nolgg X HQO (211)

2.2 Ton-Exchange

These X%t cations can be exchanged with other ions in a process called ion-exchange.
Changing the counterion of the ZSM-5 zeolite can alter the acidity, hydrophobicity,
reaction selectivity and other properties of the zeolite.>%1®

The copper exchanged form of ZSM-5 is known to be one of the best forms of ZSM-5
for the selective catalytic reduction of NO by Cs—Cy4 hydrocarbons.'#6:17 This is an
important use case since large amounts of NO are produced in vehicle and industrial
boiler emissions and NO is known to cause air pollution and acid rain.'®

Similarly the zinc exchanged form of ZSM-5 is currently subject to much research since it
has been found to be effective at selectively converting methanol to use aromatic species
such as benzene, toluene and xylene (important for the manufacture of polyester fibers,
dyes, pesticides and medicines) as an alternative method to petroleum processing.!?:2
Specifically ZnZSM-5 has — so far — been the best choice of cation for this purpose
since it is cheap, non-toxic and highly effective at the aforementioned aromatization

process.21

A ZSM-5 zeolite with a SiO2/AlOj3 ratio of 23 was used since this maximised the number
of sites which were available for ion-exchange due to the higher aluminium content. In
addition this increased the efficiency of the ion-exchange process since zeolites with a high
Si/Al ratio are hydrophobic?222% hence the cation solution does not spontaneously enter
the zeolite nanopores so ion-exchange happens only at sites close to the pore entrance.”?3
This will thus reduce the percentage uncertainties in the values recorded.

3 Experimental

Standard solutions of Cu?" and Zn?* (50.00 cm®) were made using CuSOy - 5 H,O and
7ZnSOy - 7HsO with concentration 2.008 x 1073 moldm =3 and 2.02 x 102 moldm ™2 re-
spectively. The absorbance of the standard copper sulphate solution was taken at 806 nm
(0.484) then 20.00 cm? of the standard solutions were added to 0.4810 g (for the copper
solution) and 0.5274 g (for the zinc solution) of HZSM-5 zeolite with an AlO3:Si09 ra-
tio of 23 — forming an opaque white suspension — before heating both solutions (with
stirring) at 70 °C for one hour. Centrifugation was completed on part of the resultant
copper mixture, however time constraints prevented the completion of this process. The



two mixtures were thus stored in a fridge for one week until the following laboratory
session.

After one week the zeolite had settled in the bottom of the solutions. The clear solu-
tion was decanted and the remainder was centrifuged for 30 minutes before the super-
natant was reintroduced to the initially decanted solution producing a slightly cloudy
copper solution and a moderately cloudy zinc solution. The solutions were made up
to 100.00 cm? before the absorbance of the copper solution at 806 nm was determined
(0.110) and 20.00 cm? aliquots of the zinc solution was titrated against a standard EDTA
solution (batch A: 0.4993 mol dm =) with 2 cm? of a pH 10 buffer solution and eriochrome
black T as the indicator (colour change from red to light blue).

4 Results

4.1 Copper-Exchanged Zeolite

Table 1: Masses used in CuZSM-5 preparation.

Substance Mass / g
CuSO4 -5 HQO 0.5014
HZSM-5 0.4810

Table 2: Spectrophotometric results.

Substance Absorbance
Standard Solution 0.484
Post-Reaction Solution 0.110

4.2 Zinc-Exchanged Zeolite

Table 3: Masses used in preparation of ZnSO,4 standard solution.

Substance Mass / g
ZnSOy4-7H20 | 0.4587

The reaction which occurred during the titrations between the EDTA and Zn?* ions in
given in equation 4.2.1.

Zn?t + EDTA*™ — ZnEDTA?~ (4.2.1)

Due to time constraints the standardisation of the EDTA solution was not fully com-
pleted, hence the accurate titre volume (Vgpra,,, ) has been assumed to be the titre
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Table 5: Titration results from standardisation of EDTA solution with standard zinc

sulphate solution.

Substance Mass / g
ZnS0Oy4 - TH20 0.6331
HZSM-5 0.5274

Table 4: Masses used in ZnZSM-5 preparation.

Run | Start Volume / cm?® | End Volume / cm? | Titre Volume / cm?
1 1.45 33.70 32.25
2.25 34.20 31.95

volume from the second titre (see table 5) in the absence of additional available titra-
tions to confirm this.

VEDTA,,, = 31.95cm? (4.2.2)

The average titre volume for the titration with the post ion-exchange solution (Vepra,,.q.)
was determined from the second and third runs (see table 6) since the first run was a
rough titration and the fourth run can be clearly seen be be anomalous.

26.65 cm® + 26.60 cm?

5 = 20.63 cm?

VEDTA 10q. = (4.2.3)

5 Calculations

5.1 Calculation of Maximum Theoretical Number of Ion Exchanges

The SiO2/Aly0O3 ratio in the zeolite used was 23. In this ratio there are two Al atoms

. . 23
per Si, so Si/Al = % = 11.5.

Table 6: Titration results between zinc solution after ion-exchange process and stand-
ardised EDTA solution.

Run | Start Volume / cm?® | End Volume / cm? | Titre Volume / cm?
1 2.40 29.10 26.70
2 2.90 29.55 26.65
3 1.40 28.00 26.60
4 11.35 37.70 26.35




Using the unit cell general formula (equation 2.1.1) letting the Si/Al ratio be r and with
n being the number of aluminium atoms per unit cell:

Number of Si per unit cell 96 —n

~ Number of Al per unit cell  n
nr+n =96
96
Son=
r+1
Hence for r = 11.5 there are n = % = 7.68 Al per unit cell. Letting ¢ be the cation

charge and = be the number of water molecules for unit cell:

7.68
Mranit el = —— M7 eation + (11.5(26.982) + (96 — 7.68)(28.085) + 192(15.999)
q

+ 2(2(1.008) + 15.999))g mol !

7.68
= —— M7 cation + 5759.4692 g mol ! + 2(450.375 g mol 1)

Thus for HZSM-5 where the cation is HT and z ~ 25.24

7.68
M7izsncs unit cen = —— % 1.008 gmol ™! + (5759.49692 + 25(450.375)) gmol !

= 6217.6134 gmol ~*
(5.1.1)

Let: g be the cation charge; nmax. cation be the theoretical maximum amount of cation
which can be exchanged and ncation, Meation and MTcation be the actual amount, mass
and Mr of the cation exchanged respectively.

B MHZSM-5
TVHZSM-5 unit cell = M
THZSM-5 unit cell
7.68
Nmax. cation = TnHZSM-S unit cell
7.68 MHZSM-5

q¢ Mruzsmes unit cell
Necati
% Exchanged = —2 x 100 %
Mmax. cation
_ qMTHZSM-5 unit cellMcation

100 5.1.2
7.68muzsM-5 8 % ( )




5.2 Calculations for Copper Solution
5.2.1 Determination of Molar Extinction Coefficient

Let Vcu,,, be the volume and [CuSOglsq. be the concentration of the standard Cu?t
solution.

MCuSO4 -5H20
Mrcuso, -5Ha0

[CuSO4Jyrq, = ~ou50s
chstd.
_ MCuSO, - 5 HyO (5.2.1)

Vouea M7Tcuso, -5 H,0

NCuS04 =

Rearranging the Beer-Lambert law (equation 5.2.2) for the molar extinction coeffi-
cient:

A=ec (5.2.2)
A
= — .2.
€= (5.2.3)

Hence using equations 5.2.1 and 5.2.3 with Ac,_,, being the absorbance of the standard
CuSOy solution:

€CuSO4 = _Acuag,
[CuSO4]sta.l
_ Acugg, Vouwa MTcuso, - 5H,0
B Imcuso, -5H,0

(5.2.4)

This hence gives:

0.484 x 50.00 x 1073 dm3 x (63.546 + 32.066 + 4(15.999) + 5(2(1.008) + 15.999)) gmol !

€CuSO, = 1.0cm x 0.5014 g

0484 % 50.00 x 10~? dm? x 249.677 gmol !
N 1.0cm x 0.5014 g

=12.05dm*mol ' em ™! (5.2.5)

5.2.2 Determination of Percentage of Cu?T Exchanged Compared to the
Theoretical Maximum

By rearranging the Beer-Lambert Law (equation 5.2.2) for concentration:



C =

A
= 5.2.6
= (5.2.6)
Letting [CuSO4]proa. be the concentration, Acuy,,., be the absorbance, ncy,,,, be the
amount of Cu®T ions and VCup,oq. De the volume of the solution after the ion-exchange
reaction while using equation 5.2.6:

Ac
[Cuso4]prod. = forod
€Cus0,!
ncuprod. = [CU-SO4]prOd.VCupmd,
— Ot (5.2.7)
€CuS04!
Substituting equation 5.2.4 into 5.2.7:
A Vi m .

MCigygg = ot e _CLROL D 0 (5.2.8)

ACUstd. chstd. MTCUSOAL -5H20

Using equations 5.2.1 and 5.2.8 to determine the amount of copper which was exchanged
into the zeolite (ncy,, ) letting Viou,..., be the volume of the standard solution added to
the HZSM-5.

NCuex. = [CUSO4] VCUreact. - ncuprodA
. MCuS0y4 -5 HQOVCureaCt, - Acuprod. chprod. MCuSO4 -5H20
Vouwa MTcusos 50,0 Acugy Vouwy MTcusoy - 5H,0

o mCuSO4 -5H20 (ACustdA chreact. - AcuprodA chprod. )

5.2.9
Acustd chstd. MTCHSO4 -5H20 ( )

Substituting equation 5.2.9 into equation 5.1.2 and setting ¢ = 2 hence gives:

2MTHZSM—5 unit cellCuSOy4 - 5 H2O (Acustd. chreact - Acuprod. chprod.)
7.68muzsM-5ACuyq VCuwg MTCuS04 - 5Ha0

% Cu?t Exchanged = x100 %
(5.2.10)

Using 5.2.10 with:



M7HZSM-5 unit coll = 6217.6134 gmol ! from equation 5.1.1
MCuS0, -5H,0 = 0.50140 £ 0.000 05 g from table 1
Acu,y = 0.484 from table 2
Vi, = 20.00 4 0.06 x 1072 dm?® from method (section 3)
ACup,oq. = 0.110 from table 2
Veuprea, = 100.00 £ 0.20 x 107 dm® from method (section 3)
muzsM-s = 0.48100 4+ 0.00005 g from table 1
Veu,y = 50.00 £ 0.06 x 1072 dm?® from method (section 3)
Mrcuso, -5H,0 = 249.577 gmol ! from equation 5.2.5

2 x 6217.6134 gmol ! x 0.50140 g (0.484 x 20.00 — 0.110 x 100.00) 103 dm?
7.68 x 0.4810 g x 0.484 x 50.00 x 1073 dm? x 249.577 g mol~*

% Cu?t Exchanged =

x 100 %
=-18%

5.2.3 Error Propagation

Let the percentage of Cu?t exchanged be vcy in the error propagation below:

2
2 2
5MTHZSM—5 unit cell 6mCuSO4 -5H20 5 (AcustdA chreach - Acuprod chprod )
dVCu =VCu +|\————] +
MTHZSM—B unit cell MCuS04 -5H20 ACustd_ VCumaCt‘ - ACuprod'VCupmd,
2 2 2 2 1/2
N <5mHZSM_5 ) N <5ACuStd‘ > N <5VCustd, > N <5M7”Cuso4 -5H,0 >
TMHZSM-5 Acugy, Veuga, Mrcuso, - 5H,0
(5.2.11)

Let Acustd.vcureact. - AcuprodAVCUprodA = S’ thllS:



2 o\ 1/2
55 = (6 (ACuss Vouseae))* + (6 (ACuynos Vorpaa )
1/2
6Acu., \® [ Veu 2
= Acuyy Vourenet. <<Acc<td> + <Vsreact> )
Ustd. Ureact.
1/2
6ACu 2 5VCu 2
ACuyoq. Vou ___ZTprod. —_ “Uprod.
+ C prod. C prod. << Acupr()d' > + ( chpr()dl >
§A 25V, 2
== 2 2 Custd. Cureact.
- AcustdAVCU-react. <<140u;d> + <‘/.Cut> )
dAcu 2 6Veu 2
A? 1% Z7Cuprod. 2 Cliprod.
+ Cuprod. Cuprod, (( ACuprOd‘ + chprOd-

Hence substituting equation 5.2.12 into 5.2.11 gives:

1/2

12 (5.2.12)

2 2
OMTHZSM-5 unit cell 0MCuS04 - 5 Ha0
5'Ucu =UCu + _—
Mruzsm-s unit cell MCuSOy -5 HaO

2 2
5A 2 SV 2 SAq Ve
‘1%u VCQ“ ( A vy ) ( VCureact- ) AQCu VC2u A S Vi —
std. react. C“std. Cureact. prod. prod. Cuprod. C“prod.

+
2
(Acustd. chreach - Acuprod chprod )

Smpzss \ 0ACugq 2 OVouga, 2 SMrcuso, 51,0\~
(M )y (O ) (O )
MHZSM-5 Acugy Ve Mrcuso, -5H20

(5.2.13)

1/2

Substituting values into equation 5.2.13 thus yields:

dvcy = £0.00 %

So the percentage of Cu?* exchanged is —18 + %.
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5.3 Calculation of Ion-Exchange Efficiency for Zinc Solution
5.3.1 Standardisation of EDTA Solution (Batch A)
Letting Vzn_,, be the volume, [ZnSO4lsq. be the concentration and myznso, . 7H,044. b€

the mass of ZnSO4 - 7H5O used for the preparation of the ZnSO,4 standard solution used
to standardise the EDTA solution.

mZnSO4 . 7H205 d-
20804l — ¢ 5.3.1
[ Jst Mrzu504-7H,0Vzngy ( )

From equation 4.2.1 there is a 1:1 stoichiometric ratio between the Zn?>* and EDTA*"
ions hence letting [EDTA?~] be the concentration of the EDTA solution nz,_,, analyte D€
the amount and Vz,_ aliquot be the volume of Zn?* ions in the analyte.

[EDTA47] — nznstd analyte — [ZHSO4]Std-Vznstd. aliquot (532)
VEDTA . VEDTA .

Thus substituting equation 5.3.1 into equation 5.3.2 gives:

[EDTA4_} _ MZnSOy4 - 7H205td-vznstd aliquot

= 5.3.3
Mrzn804 - 7H,0Vzng, VEDTA 4. ( )

5.3.2 Determination of Percentage of Zn?t Exchanged Compared to the
Theoretical Maximum

Let [ZnSOylstd. orig. be the concentration of, mznso, - 7Hy0,y,. D€ the mass of zinc sulphate
used and Vz,_, ori. be the volume of the standard zinc sulphate solution created for the
ion exchange process.

MznS0O4 - 7Ho Oorig.

[ZDSO4]std. orig. — (534)

ManSO4 -7 H2OVZTlstdA orig.

Using equation 5.3.4 with Vang‘ as the volume of the stanadard solution used in the
ion-exchange process.

nZnorig, = [ZnSO4]std. orig.VZnorig‘

mZHSO -TH Oori Vznori
12 onis & (5.3.5)

MTZnSO4 -7 HQOVZHStd_ orig.
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Using equation 5.3.3 the amount of zinc remaining in solution after the ion-exchange
(NZny,0q.) can be calculated with Vz, . being the volume of this resultant solution and
Vnprod. atiquor P€ING the volume of the aliquot titrated.

VEDTAprod. [EDTA4_] VznprodA

N7n =
prod. ‘ b
anrod. aliquot

_ VEDTAprod. mZHSO4 - TH2O44q. Vznstd. aliquot VZHprocL (5 3 6)
Vznprod aliquot MTZHSO4 -7TH20 Vznstd. VEDTAstd.

Using equations 5.3.5 and 5.3.6 to calculate the amount of Zn?" ions exchanged with
the HZSM-5 (nzn., ):

nznex. = nznorig. - 7/I‘anrod.

mZnSO4 -TH2 Oorig. Vznorig. _ VEDTAprod. manO4 - THg Ostd. Vznstd. aliquot Vznprod

B Mrznso, - 7H,0Ving,, orig. VznprodA aliquot Mrz1804 - 7H20 Ving VEDTAq.
~ VZnpd atiquot VZnga, VEDTA o4 TZnSO4 - 7THaOorig. VZnorig,
VznstdA orig.VznprodA aliquot Mrznso, - 7H20V2nstd VEDTAstd.
Vznga. org. VEDTA roa. MZ0S04 - TH2O4ta. VZ04td. aliquot ¥ Z0prod.

VznstdA orig. Vznprod, aliquot ManSO4 -7 H2ovznstdA VEDTAstdA

(5.3.7)

Hence substituting equation 5.3.7 into 5.1.2 and setting ¢ = 2 gives:

2MrHzSM-5 unit cell

% Zn Exchanged =
768mHZSM‘5 Vznstd. orig. Vznprod. aliquot MTZHSO4 -7 HQOvznstdA VEDTAS':CL

X (VZHprod aliquot Vznstd VEDTAstd. mZHSO4 -7TH2 Oorig. Vznorig.
- Vznstd. orig. VEDTAprod mZnSO4 7 HQOstd. Vznstd aliquot Vznprod. ) X 100 %
(5.3.8)

Using equation 5.3.8 with:

12



MTHZSM-5 unit cell = 6217.6134 gmol ™! from equation 5.1.1
Vinprod. atiquor = 20-00 £ 0.06 x 107° dm® from method (section 3)
Vina.y = 100.00 £ 0.20 x 1072 dm® from method (section 3)
VEDTA,,, = 31.95+0.20 x 10~? dm?® from equation 4.2.2
MZnS04 - 7THy Oy, = 0.63310 £ 0.000 05 x 1073 g from table 4
Viness, = 20.00 £ 0.06 x 107° dm® from method (section 3)
Vina, ong. = 50004 0.06 x 107 dm® from method (section 3)
VEDTApmd, = 26.63 +0.20 x 1073 dm? from equation 4.2.3
MZnSO4 - TH204q = 0.458 70 £ 0.000 05 g from table 3
Vina, iques = 10.00 4 0.04 x 107 dm® from method (section 3)
Vingrea, = 100.00 £ 0.20 x 107% dm® from method (section 3)
muzsm-s = 0.52740 £+ 0.00005 g from table 4
M7r7450, - 71,0 = (65.38 4 32.066 + 4(15.999) + 7(2(1.008) + 15.999)) gmol !
= 287.547 gmol ~*

% Zn Exchanged = 66 %

5.3.3 Error Propagation

Let the percentage of Zn?* exchanged be vz, in the following error propagation:

2 2 2 2
OMTHZSM-5 unit Cell) 4 <5mHZSM-5) + <5V2nstd. orig. > n <5Vanrod. aliquot)
Mryuzsys unit cell TMHZSM-5 Vind, o,

SMrzn80,4 - TH0 \ WVznga 2 OVEDTA4 2
+ Ry (RadlLH) IRy (e donas
Mrzns0, - 7H20 Vinga, VEDTA, .y

vy =V7n <

VZHprod aliquot

1/2

(5.3.9)
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