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Synopsis

The reactions of chloromethylated divinylbenzene crosslinked polystyrene (CMPS) with po-
lyethylenepolyamines (PEPA), polyethyleneimines (PEID), 2-methyl-2-oxazoline (MeOZO), and
the hydrolysis of CMPS—-MeOZO reaction products were carried out. The abilities of these
products for removing a nonionic surfactant, polyethylene glycol mono-p-nonylphenyl ether
(NP, n = 10), solutes in water were investigated. Removal rates of NP by and the amounts
of NP removed by CMPS-PEPA, -PEI, -MeOZO, and hydrolyzate of CMPS-MeOZO were
compared. The adaptability of removal behavior of the products to the Freundlich’s adsorption
isotherm and the amounts of NP removed by unit masses of the products were investigated.
The products also removed an anionic surfactant, sodium dodecylbenzene sulfonate (DBS),
solutes in water. The mechanisms for removing NP and DBS were discussed.

INTRODUCTION

The author reported previously that polystyrene-polyeoxyethylene block
copolymers supported on activated alumina! and the reaction products of
chloromethylated divinylbenzene crosslinked polystyrene (CMPS) with
polyethylene glycol? have the ability to remove NP. The author further
studied the reaction products of CMPS with polyethylenepolyamines (PE-
PAs) and polyethyleneimines (PEIs) as well as the reaction products of
CMPS with 2-methyl-2-oxazoline (MeOZO) and their hydrolyzates. These
products were found to remove NP and also an anionic surfactant, sodium
dodecylbenzenesulfonate (DBS), solutes in water. This study deals with the
preparation of these products and the removal behavior of the surfactants
in water.

EXPERIMENTAL

Materials

CMPS [Polysciences Inc., 200-400 mesh beads, Lot No. 34126, CI content;
2.63 meq/g (9.32%), divinylbenzene; 2.00 mol %], tetraethylenepentamine
(TEP), pentaethylenehexamine (PEH) (Tokyo Kasei Co., technical grade),
2-methyl-2-oxazoline (MeOZO) (Aldrich Co., bp 109.5-110.5°C, 98%), NP,
and DBS (Tokyo Kasei Co., extra pure) were commercially obtained. Po-
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lyethyleneimines* were supplied by Nippon Shokubai Kagaku Kogyo Co.
These reagents were used without further purification. Dioxane, benzene,
and toluene were best grade reagents, which were used after drying and
distillation. Dimethylsulfoxide (DMSO) and dimethylacetamide (DMAc)
were best grade and used after drying with calcium hydride.

Reactions of CMPS with PEPA and PEI

The reactions were carried out as follows: 2 g of CMPS beads (—CH,Cl
groups 0.00526 mol) were placed in a three-necked flask of 50 mL. Into this
flask were put 10 mL of dioxane; the flask was stoppered and allowed to
stand overnight to allow the beads to swell. After 9.5 g of PEH (0.0409 mol)
and 10 mL of dioxane were added into the flask, the mixture was stirred
for 113 h at 10C°C.

When the reaction was completed, boiling water was added to the flask
and the mixture was stirred for about 10 min at 100°C. The mixture was
then filtered using a no. 2 glass filter, the reaction product was washed on
the filter with boiling water, 1N HCI, 1N NaOH, and boiling water until
excess alkali was removed, and finally with methyl alcohol. Furthermore,
the product was extracted with tetrahydrofuran (THF) for 72 h, and dried
in vacuo at 80°C [the yield and the elementary analysis values are shown
at the line of CMPS-PEH(2) in Table 1].

Reactions of CMPS with MeOZO and Hydrolyses of the Products®

Two grams of CMPS and 20 g of MeOZO (0.235 mol) were put into a 50
mL three-necked flask and left overnight. Then the mixture was stirred at
100°C for 24 h. The reaction mixture was filtered using a no. 2 glass filter.
The product was treated as described above. The hydrolysis was carried out
as follows: A mixture of the CMPS-MeOZO 3.70 g and 25 mL of water
containing 6.00 g of NaOH was stirred in a three-necked flask for 50 h at
98°C. Post-treatment of the product was carried out similarly as described
above [the yield etc. are shown at the lines of CMPS-MeOZO(2) and its
hydrolyzate in Table II].

Removal of NP and DBS

In a 50-mL flask 0.250g of each reaction product was placed, and 50 mL
of 50-250 ppm aqueous solution of NP or DBS was added. Blank solution
which does not contain NP was similarly prepared. Other experimental
operations, the methods for measuring absorbance, for determining residual
concentration, and for the amount of NP removed were the same as de-
scribed in the previous papers.? An experiment for removing DBS solutes
in water was operated similarly to that for NP. The removed amount was
determined on the basis of the absorbance at 223 nm.

* PEls used here are not completely linear, but branched molecules having primary, sec-
ondary, and tertiary amino nitrogens, whose ratio is —NH,: —NH—: >N— = 1:1:1. PEI
250 and 1000 have terminal groups of —OH.
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RESULTS AND DISCUSSION

The Reactions of CMPS with PEPA and PEI

The reactions of CMPS with PEPA give polymers in which chlorome-
thylstyrene parts in CMPS were converted into a few vmylammobenzyl
polyethylenepolyamines (I and III). The amount of III,

— CHCH,—
+ HNCHCHNHH ——>

CH,Cl

— CHCH, — — CHCH, —

(CH,CH,NH), H
CH,HN(CH,CH,NH) H cHNS "
(CH,CH,NH), H

II Ii1

however, seems to be small compared with the amount of II. The reactions
of CMPS with PEI yield similar polymers in which the chloromethylstyrene
unit parts converted into a few vinylbenzylamino-polyethyleneimines.

The reactions of CMPS with TEP, PEH, and several PEIs with different
MWs were carried out using dioxane, benzene, toluene, DMSQO, and DMAc
as solvent. Table I lists the reaction conditions, yields, and the elementary
analysis values.

As observed in the elementary analysis values of the reaction products
of CMPS with PEG [poly(ethylene glycol)]-Na,? those products obtained
here also did not agree with the elemental contents of the products which
were yielded by reaction of all —CH,—Cl groups of CMPS with PEPA or
PEIL No chlorine was detected by the Beilstein reaction except in four
products. Accordingly, —CH ,Cl groups, which did not react with PEPA or
PEI, seemed to be hydrolyzed during the reaction and the post-treatment
of the reaction mixture and gave —CH,0H groups. With this view, the
components of CMPS are 31.54, 66.46, and 2.00 mol % of chloromethyls-
tyrene, styrene, and divinylbenzene units, respectively. The amounts of
reacted —CH,Cl groups, the molar numbers of combined PEPA or PEI,
and the caled values of H, C, and N contents of the products were determined
from the found elementary analysis values as described in the earlier paper?
{Table I). In these calculations mol % of reacted —CH ,Cl groups with PEPA
or PEI (x) was determined so that the calculated elemental contents might
agree with the found ones and (31.54 - x) mol % was defined as the amount
of hydroxymethylstyrene unit yielded by hydrolysis of —CH,Cl groups
during the reaction and the post treatment. Although the elementary anal-
ysis values of most products were in approximate agreement with the cal-
culated elemental contents, the found C % of some products were about
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4-29% different from the calculated ones [CMPS-TEP(4), (9) and —PEH(1),
(8), (10)]. Since TEP and PEH are of technical grade, they may contain
impurities.

Egawa and Saeki* have carried out the reactions of CMPS with diethy-
lenetriamine, triethylenetetramine, and TEP. G6zdz and Kolarz® have also
done the reactions of CMPS with mono-, di-, trimethylamine, 2-hydroxy-
ethylamine, and others. However, they have not reported the elementary
analysis values of the reaction products. Accordingly, it is not clear whether
or not the values of the products which were synthesized by them have
been in agreement with the calculated elemental contents.

Solvents suitable for the reactions were studied from the amounts of
reacted —CH,Cl groups with PEPA or PEIL Dioxane and benzene allowed
the beads to swell, but did not dissolve much PEPA and PEL In the initial
stages of the reactions, although the reagents seemed to be dissolved or
dispersed by the solvents, the beads formed soft sticky lumps by stirring
with these reagents as the reaction time progressed. When the reactions
were continued, the reagents seemed to react with the beads. In the reac-
tions of CMPS with TEP and PEH, when dioxane or benzene was used, the
amounts of reacted —CH,Cl groups with these reagents was above 17%.
However, since the reactions proceeded in such state as described above,
the reproducibility of the amount of —CH,Cl groups with these reagents
was small (see Table I).

DMAc and DMSO dissolved PEPA and PEI, but their abilities to allow
the beads to swell were smaller than those of dioxane and benzene. The
amount of reacted —CH,Cl groups with PE-PA or PEI was smaller when
DMSO or DMACc were used as solvents than in that of dioxane or benzene.
A possible explanation for this fact is that the abilities of DMSO and DMAC
to allow the beads to swell are smaller than those of dioxane and benzene.

The reactivity of PEI decreased with an increase in its MW. In the case
of the reactions of PEI 1200 (PEI having MW of 1200) and of PEI 1800,
despite a longer reaction time, the amount of reacted —CH ,Cl groups with
the PEIs were 4.0-4.3 mol % (Table I).

The Reaction of CMPS with MeOZO and the Hydrolysis of the
Reaction Product

The reaction and hydrolysis proceed as shown in Scheme 23:

— CHCH, — — CHCH, — — CHCH, —
+ jﬂ . @ o,
o, ©
CH,C CH,~+ NCH,CH, >, CH,+ NCH,CH,
oc= (IJ —CH, II-I
v v

Scheme 2
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Table II shows the reaction conditions, the yields, and the elementary anal-
ysis values. Although the reaction was carried out twice under almost iden-
tical conditions, as the yields and the elementary analysis values show, the
reproducibility was not good. Saegusa et al.® have carried out these reactions
in sealed tubes and obtained good reproducibility.

The Rates and the Amounts in the Removal of NP

Figure 1 illustrates a few examples of the decrease in the residual con-
centrations in the removal of NP by the products. Molar numbers of com-
bined PEH groups in 1 g of CMPS-PEH(2) and (8) are 1.20 and 1.25 mmol/
g, respectively. Their removal rates are nearly equal. On the other hand,
molar numbers of combined PEI 600 groups in 1 g of CMPS-PEI 600(1) and
(2) are 0.592 and 0.614 mmol/g prod, respectively. Despite that, the removal
rate of —PEI 600(1) is greater than that of ~PEI 600(2). Although the amount
of combined F'EI 1200 groups in 1 g of —PEI 1200(1) and (2) are not very
different, the difference between both removal rates is great.

The molar numbers of combined PEH groups in 1 g of CMPS-PEH(2)
and (8) are greater than those of —PEI 600(1) and (2). However, the removal
rates of —PEI 600(1) and (2) are nearly equal or greater than those of -
PEH(2) and (8). The removal rate of the reaction product with PEPA or
PEI having large MW is greater when the molar numbers of combined
groups are approximately equal. This tendency was also observed in the
removal behavior of CMPS-PEG.2

In general, it took more than 4 days to reach equilibrium in the removal
of NP by each product. Especially, in the case of CMPS-PEI> 1000, their
removal rates were smaller than those of CM-PS-PEI <600 in consequence
of the small molar number of combined groups in each 1 g.

Table III lists the amount of NP removed. In the removal by CMPS-
PEI <600 from 50 ppm solution, when the number of repeating unit or MW
of PEPA or PEI and PEG are nearly equal, even if the molar numbers of
combined PEPA or PEI were smaller than those of combined PEG groups,

50

40

30

Residual Concn.(ppm)

Time(Day)
Fig. 1. The changes in NP concentrations with the lapse of time: (@) CMPS-PEH(2); (O)
—-PEH(8); (A) -PEI 600(1); (/\) PEI 600(2); (V) -PEI 1000(1); @ -PEI 1200(1); (O) -PEI 1200(2)
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the removed amounts were greater in CMPS-PEPA or -PEI than in CMPS-
PEG, but the removal rates were nearly equal or smaller in CMPS-PEPA
or -PEL In the removal by CMPS-PEG 1000-1500 and ~PEI 1000-1800
having groups of 0.25-0.29 mmol/g, the removal rates and removed
amounts were greater in CMPS-PEG than in -PEL

Several CMPS~PEH samples were prepared under different conditions.
When the solvent was different, even if the molar numbers of combined
PEH groups in each 1 g were nearly equal, it was observed that the amount
of NP removed varied. The CMPS-PEH prepared in dioxane or benzene
removed a greater amount of NP than those in toluene, DMSQO, or DMAc
[Table III, -PEH() > (9), and -PEH(5) > (4)]. Therefore, dioxane and
benzene are better solvents for obtaining products with great removal abil-
ity.

On the other hand, even if products prepared in the same solvent had
nearly equal molar numbers of combined groups, it was observed that part
of the NP removed was appreciably different [Table III, -PEH(2), (7), and
(8)]. This can be attributed to the preparation procedure. Generally, the
products prepared and allowed to react at high temperature for a long time
removed relatively large amounts of NP.

While CMPS-TEP(1) was prepared at 35°C, the amount of combined
groups and of removed NP were fairly large. It is necessary to establish a
method to prepare products with good reproducibility in the molar number
of combined groups and removal ability.

The Effect of Molar Number of Combined Groups
on the Amount Removed

The amounts removed (mmol/g prod) from the solutions of the initial
concentrations of 50 and 250 ppm were divided by the molar numbers of
combined groups which existed in 1 g of each of the products. These quo-
tients correspond to the molar numbers of NP removed by 1 mol of combined
PEPA or PEI groups (Table III). Figure 2 shows correlation between both.
The plots of CMPS-TEP and —PEH do not correlate. This may be due to
the differences in solvents used. Generally, however, the removed amount
(mmol/mmol group) increases with a decrease in the molar number of
combined groups.

The magnitude order of the removed amount is as follows:

CMPS-PEI 250 < -TEP < -PEH < -PEI 300 < -PEI 600
< -PEI 1000 < -PEI 1200 < -PEI 1800

The combined PEPA and PEI groups are more effective for removing NP
in water in groups having larger atomic group weights. Since the product,
whose removed amount per unit mass (mg/g) is large, it can be concluded
that CMPS-TEP(1), -PEH(2), (8), and —PEI 600(1), (2) are good removal
agents (Table IID).

While MW of PEI 250 is greater than those of TEP (189.3) and PEH
(232.4), the removed amount (mol/mol group) of CMPS-PEI 250 is smaller
than those of CMPS-TEP and -PEH. One of the reasons for this is that
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Fig. 2. Plots of the amounts of NP removed by CMPS-PEPAs and —PEIs vs. molar numbers
of combined PEPA and PEI groups with CMPS: (O) CMPS-TEP; (@) -PEH; (O) -PEI 250; (A)
—-PEI 300; (A) -PEI 600; (/) -PEI 1000; (O) -PEI 1200; () -PEI 1800.

the terminal groups of PEI 250* are not —NH,, but -OH. As described
before, oxyethylene units of PEG and PEPA or PEI and the molar number
of combined groups are approximately equal, the amount of NP removed
by CMPS-PEG is smaller than those of CMPS-PEPA and -PEIL

The removed amounts of several CMPS-PEPA and -PEI were deter-
mined from the initial concentrations of 500, 1000, and 1500 ppm (Table
IV). The order of magnitude of the removed amount (mg/g) was CMPS-
PEH(®) > -PEI 600(2) > -PEI 600(1) > -PEI 300(3) > -PEI 300(1) > -
TEP(6) > —TEP(4). The amounts removed by CMPS-PEH(2), —-PEI 600(2),
and (1) were greater than those by CMPS-PEG.? However, the removal
rate was greater in CMPS-PEG (especially, in -PEG 1000 and 1500) than
in CMPS-PEPA and -PEI When this fact is taken into account, it cannot
be immediately concluded which is better CMPS-PEPA and -PEI or
CMPS-PEG. The amount removed by CMPS-PEH(2) was the largest of all
the products prepared. That removed by CMPS~TEP(1) was also large (Ta-
ble III). However, since there is a problem of reproducibility in the prep-
arations of CMPS-TEP and -PEI, CMPS—-PEI 600 with more molar number
of groups than 0.06 mmol/g. By carrying out the reaction in dioxane or
benzene at high temperature (in a sealed flask) for a long period of time
an improved removal agent is obtained.
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REMOVAL OF NP AND DBS BY CMPS-PEPA AND -PEI 803

Removal of NP by CMPS-MeOZO and Its Hydrolyzate

IV and V showed relatively good abilities to remove NP. Although the
polymerization degrees and the molar numbers of grafted chains are not
clear, as judged from the nitrogen contents, the degrees and the molar
numbers seem to be small. When the nitrogen content in the removed
amounts are compared IV and V are better than CMPS~PEI in the removal
ability. The removal rates of IV and V were nearly equal to that of CMPS-
PEI 600(1). However, when IV and V were put in water (25°C), despite
extraction with methyl alcohol for 72 h, as the day went by, certain com-
ponents (perhaps MeOZO and its homopolymer) were eluted into the water.
Even after IV and V were subsequently extracted with THF for 48 h, the
elution amounts hardly decreased. Therefore, these are their limitations as
removal agents. A post-treatment to prevent the elution has to be estab-
lished.

The Effect of Initial Concentration on Removed Amount

The removal from the initial concentrations of 50, 100, 150, 200, and 250
ppm were carried out at 25°C, and the residual concentrations and the
removed amounts were determined at the time (12—14th day after beginning
of the removal) when the residual concentrations were essentially constant.
The plots of both values in logarithmic scales showed linear correlations
(Fig. 3). The behavior of these products for removing NP conformed to
Freundlich’s adsorption isotherm. The slopes (1/n) of these lines and the
logarithms of the amounts of removal at the equilibrium concentration 1
ppm (log K) were shown (Table V). The values of 1/n of CMPS-PEPA and
~PEI <600 were 0.68-0.74, which were approximately equal in spite of
different MW of PEPA and PEI and smaller than those of CMPS-PEG
analogues (0.98-1.05).2

Since removal rates of CMPS—PEI > 1000 were small, in the removal from
the initial concentrations of 150 ppm or more the residual concentrations

100

10t v

Removed Amount(mg/g)

3 AN P P
1 10 100
Equilibrium Concn.(ppm)

Fig. 3. The adaptability to the Freundlich’s adsorption isotherm to the removal of NP by
CMPS-PEH and -PEIL (O) CMPS-PEH(8); (O) -PEI 250(1); (@) -PEI 600(1)
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TABLE V
The Constants of the Freundlich Adsorption Isotherm (25°C)

Reaction product i/n log K
CMPS-TEP(2) 0.72 0.45
CMPS-PEH(2) 0.69 0.82
CMPS-PEH(7) 0.74 0.47
CMPS-PEH(®) 0.69 0.66
CMPS-PEI 250(1) 0.73 0.50
CMPS-PEI 300(2) 0.71 0.32
CMPS-PEI 600(1) 0.73 0.79

decreased even after 14th day from beginning of the removal. Therefore,
the adaptability of this isotherm to CMPS-PEI > 1000 was not studied.

Removal of DBS

CMPS-PEPA and -PEI removed DBS solutes in water. Figure 4 illus-
trates the plots of the removed amounts vs. time. CMPS-PEH(2) and (8)
which had molar numbers of combined PEH groups of 1.20 and 1.25 mmol/
g, respectively, removed about 46-47 mg/g for 1 day. The molar number
of combined PEH groups in ~-PEH(6) is 1.15 mmol/g and smaller than those
in —=PEH(2) and (8). Therefore, it is reasonable that the rate of —-PEH(6) for
removing DBS is smaller than that for —-PEH(2) and (8).

Although the preparation conditions and the molar numbers of PEH
groups of —-PEH(6) and (7) (1.18 mmol/g) are not very different, the removal
rate of —-PEH(6) is about twice as great as that of (7). Furthermore, the
molar numbers of combined PEH groups in —~PEH(4) and (5) are approxi-
mately equal (1.07 and 1.09 mmol/g, respectively), but the removal rate of
-PEH(4) is about twice as great as that of -PEH(5). As observed in the
removal of NP, the reproducibility was also small in the removal of DBS.

~ w I~ w
[=) o o o
T v

Removed Amount{mg/g)

o

3 i N It I

1 2 3 4 5 6
Time(Day)
Fig. 4. Plots of the amounts of DBS removed by CMPS-PEHs vs. time at 25°C: (O) CMPS-
PEH(1); (O) (2); (@) 3); (O (4); (L) (5); @ 8); (AN (7); (A) (8); (A) (9); (O) 10).
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The molar number of PEH groups in —PEH(9) is nearly equal to that in
-PEH(4), but the removed amount of the former is much smaller than that
of the latter. This is ascribable to use of DMSO in the preparation of —
PEH#4).

The amount of DBS removed by CMPS—-PEPA and -PEI were determined
(Table VI). The removal rate and amount by each product were greater
than those in the removal of NP. The removal rate is large, and each of
the products was removed until the residual concentration was several ppm
for 1 day.

Removal Manners of NP and DBS by CMPS-PEPA and -PEI

Generally, polymers which are composed of hydrophobic and hydrophilic
parts can bind some organic compounds by interaction between the hydro-
phobic parts of the polymers and those of the organic compounds.8-8 The
removal mechanism of NP solutes in water by CMPS-PEPA or —PEI, sim-
ilar to that by CMPS-PEG,? involves bonding between some types of sites
which must be formed by the hydrophobic parts of CMPS-PEPA or -PEI
and the hydrophobic parts of the NP solutes.

The removal of DBS by CMPS-PEPA or —PEI can be considered as fol-
lows: Strong and weak basic anion exchange resins adsorb (or remove) DBS
effectively.?-1' The methods for removal by CMPS-PEPA and -PEI are
similar to that by weak basic resins. Since amino nitrogens in CMPS-PEPA
and —-PEI are protonated in water to yield cationic amines, it can be con-
sidered that they combine with DBS by electrostatic complexation of the
cationic amines with DBS anions:

— CHCH,— — CHCH, —
+ H,0 + OH-
+ +
CH,NH(CH,CH,NH CH,H,N(CH,CH,NH, >,
— CHCH,— — CHCH, —

e anc)

CH,H,N(CH,CH,NH, -+, —
R |
se<D)-nbe-D)

Scheme 3

Branched PEI and its acylated products bond methyl orange, and the
bound amounts increase with increases in the hydrophobicities of the acyl
groups. In bonding of pH 7, as the polymers are protonated markedly, the
bonding of methyl orange solutes with negative charges to the polymers
take place by both hydrophobic and electrostatic interactions between
them.!! Accordingly, the removal of DBS by CMPS-PEPA and -PEI seems
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to proceed by both mechanisms of the electrostatic and hydrophobic inter-
actions.

Although CMPS-PEG? also removed DBS, the removed amount was
much smaller than the amount of NP removed. For example, CMPS-PEG
400(1) and -PEG 1000(1) removed 3.0 and 3.4 mg/g, respectively, for 7 days
from the initial concentration of 50 ppm at 25°C. This fact supports the
foregoing speculation that CMPS—-PEPA and -PEI also bond DBS by the
hydrophobic interaction. One of the causes that the rates for removing DBS
by these products are larger than those of NP seems to be ascribable to the
fact that the two interactions act for removing DBS, especially, the elec-
trostatic interaction.

SUMMARY

The reactions of CMPS with PEPA, PEI, MeOZO, and the hydrolysis of
CMPS-MeOZO were carried out. Only a part of —CH,Cl groups reacted
in these reactions. The amount of reacted PEI decreased with an increase
in its MW. These reaction products removed NP solutes in water. Although
removal rates for NP were generally small, CMPS-PEI 600 was better than
—PEI> 1000 for removal rate and removed amount. The behavior for re-
moving NP by CMPS—-PEPA and -PEI conformed to Freundlich’s adsorp-
tion isotherm (1/n = 0.69-0.74). CMPS-PEPA and -PEI also removed
DBS solutes in water, and the removal rates and removed amounts were
larger than those for NP. The removals of NP and DBS by these products
seem to proceed by hydrophobic and electrostatic interactions, respectively.

It is necessary to solve problems associated with the small reproducibility
of the amount of reacted —CH ,Cl groups with PEPA or PEI, the removed
amount, the slow removal rate, and the large amounts of some components
eluted from CMPS—-MeOZO and its hydrolyzate. The removal rate increases
by stirring the solution in the batch system, and also by use of the continuous
system which flows the solution through a column packed with the product.

When CMPS-PEPA or -PEI to which NP solutes had been bound in
water were placed in methyl or ethyl alcohol, the NP were eluted from
them. therefore, these products can be used repeatedly as agents for re-
moving NP solutes in water.

The author thanks Nippon Shokubai Kagaku Kogyo Co. for supplying several PEIs.
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