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Abstract

The removal of various heavy metal ions such a&'QDic?*, Zrn?*, Ni?* and PB* from aqueous solutions by precipitation with polyelectrolyte
complex of PPEI and PEI was conducted. Heavy metal binding with PPEI was initially allowed to occur and then upon equilibration, PEl was
added to initiate precipitation of the polyelectrolyte complex together with the heavy metal ion. The PPEI-PEI system was found effective for
heavy metal scavenging purposes even in the presence of high concentrations of non-transition metal ichsHéa/Manetal concentration
may be reduced beyond emission standards for industrial wastewaters. The PPEI-PEI polyelectrolyte complex was found to be more effective
than traditional precipitation methods for the treatment of a representative electroless Ni plating waste solution.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction metal removal by precipitation. Specifically, precipitation-
based heavy metal removal using PPEI in combination with
In this research, the use of polyethyleneimine (PEI) and PEI by polyelectrolyte complex (PEC) formation will be ap-
its phosphonomethylated derivative (PPEI) for heavy metal plied. In this method, interaction between oppositely charged
precipitation was evaluated. With their strong metal affinity, functional groups in the two polyelectrolytes would cause
these chelating polymers have been employed in various unitthem to be drawn together to form larger molecules and then
operations for heavy metal removal from aqueous systems.consequently precipitate. In the process of polyelectrolyte
Specifically, PEI has been incorporated in matrices for the interaction, heavy metals, which may serve as crosslinking
synthesis of heavy metal adsorbgits3]. It has beenutilized ~ agent for the two polymers, are trapped in the flocs and hence
as metal complexing polymer for polyelectrolyte enhanced are also separated from the bulk solution. Since the added
ultrafiltration (PEUF) procesgl,5]. Recently, we have also  polymers are generally precipitated out together with the
reported a novel approach for utilizing PPEI for the precip- heavy metal ion, this process provides a hon-contaminating
itation of heavy metals. In this method €aon are added  approach to heavy metal removal. Past researches on this ap-
to the system to induce the precipitation of the PPEI-heavy proach to heavy metal precipitation has been reported using
metal complex6,7]. anionic xanthate as well as carboxyl-containing polymers in
As a continuation of such work, this research hopes to combination with cationic polymers such as P&t11]. This
contribute yet another approach in utilizing PEI for heavy work is the first time that such process would be applied for
PPEI as the anionic component of the polyelectrolyte com-
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charged imino groups depending on solution pH. The use of 2.5. Analytical methods

both nitrogen-containing anionic and cationic polymer may

contribute to the enhancement of heavy metal affinity and  Heavy metal and phosphorus concentrations were deter-

selectivity by virtue of its strict coordination type interaction mined using a Seiko Inductively Coupled Argon Plasma

for metal binding12]. Atomic Emission Spectrophotometer (Model 757 V). Mer-
cury concentrations were measured by the use of Cold Vapor
Atomic Absorption Spectrophotometer.

2. Materials and methods

2.1. Materials 3. Results and discussion

Polyethyleneimine (PEI MW 70000) was purchased from 3.1. Heavy metal precipitation by PPEI
Wako Pure Chemicals Co., Japan. Phosphonomethylated-
polyethyleneimine was synthesized following our previous ~ Among the different anion functional groups, such as
papers[6,7]. All reagents unless otherwise specified were phosphates, acetates and sulfates, phosphate-containing com-
purchased from Wako Pure Chemical Co., Japan. pounds have been considered to exhibit a high flocculation
tendency{13]. For example, 10-100 times smaller concen-
trations of PB*, C#*, Ci?* and Zrf* are necessary for the
coagulation of phosphate colloids than for coagulation of car-

Different amounts of 1% PPEI solution were added into a boxyl colloids of similar charge density. For the coagulation
25ml of 100 mgt! CL2*, Zn?*, P*, C* and HE* solu- of sulfate colloids, 5-10 times larger concentrations of the

tions. The metal removal at different concentrations of PPE| S2M€ bival_e nt metals are needed_than_ for coagule_ltion of car-
was obtained. At the end of each run, the precipitate was bpxyl collplu.js. Such a sequence finds its analogy in the rela-
separated by a cellulose acetate filter paper and the equilib-t'Ve solubilities of the metal phosphates, acetates and sulfates.
rium metal and phosphorus concentrations in the filtrate were Close to the structure phosphates are phosphonates, which are

assayed. Precipitation experiment at different initial pH con- also known to form relatively insoluble metal salts. As an ex-

ditions was also conducted usingZras a model system. ample, solubility product constant in the order of #®had
been reported for calcium methylene phosphonate dalis

] ) Preliminary analysis in this research has also confirmed the
2.3. Heavy metal removal and scavenging with ability of phosphonate to precipitate out other toxic metals
PPEI-PEI polyelectrolyte complex such as Ctf, P?* and Zr#* in aqueous solutions. It was our
) ) ) initial hope that by its incorporation into a strong chelating
Different amounts of 1% PPEI solution were added into polymer such as PEI, a polymer (PPEI), which is capable of

l .
a 25ml of 100 mgt C92+ and Hg* solutions. PEI solu- e moving heavy metals by chelation and subsequent precip-
tion (0.5%) was added in small amounts until flocs start to ji5tion. would be developed.

develop. For metal scavenging purposes, different amounts |,qeed results from the precipitation of Suzn?*, P#*

of 1% PPEI solution were added into a 100 ml of 5 my | by PPEI have shown positive results. Upon the addition of
CWw*, Zr?*, PP* and Hg* solutions and then PElwas added  ppg| in p*, Ci?* and Zi?* solutions, formation of small

to initiate floc formation. The precipitate was separated and 5q non-gelatinous flocs that readily settled was observed.

the equilibrium metal concentrations in the filtrate were as- Metal—complex formation has been especially visible with

sayed. - _ CU2* by the formation of deep-blue colored flocs. White flocs
The effect of anon-transition metalion on the performance formed in PB* and Zr?*. After filiration. the metal concen-

ofthe process was also evaluated by conducting precipitationyaion of the filtrate had been reduced. Up to a certain PPEI
experiments with Zfi" and C¢* solutions containingvarying  |imit, a direct relationship existed between the amount of

2.2. Preliminary precipitation experiments with PPEI

amounts of N&ions. PPEI added and Gti, Zn?* and PB* removed. However,
upon increasing the PPEI concentration beyond the certain
2.4. Treatment of actual waste streams limit for each heavy metal, a reversal in heavy metal con-

centrations to a higher value occurrded. 1). Among the
Different amounts of 1% PPEI solution were added into three heavy metals evaluated, a much lower residual con-
a 25ml of actual heavy metal-containing wastewater from centration for PB" of approximately 1.5mg1* had been
an electroless N plating factory. PEI solution (0.5%) was  attained. In the case of €tand Zrf*, higher values for
added in small amounts until flocs start to develop. The pre- minimum heavy metal concentration (>15mg) was at-
cipitate was separated and the equilibrium metal concentra-tained. For all the three metals evaluated, however, a narrow
tions in the filtrate were assayed. A check on the residual range for the amount of PPEI necessary for maximum metal
PPEI in the solution was also made by analyzing the TOC of removal was evident. With this result, it would be quite diffi-
the filtrate. cult to optimize PPEI amount in order to come up with much
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plex, does not apply exclusively in the precipitation of metal
with phosphonate containing polymer. It has been suggested
that for heavy metal—polyelectrolyte systems where the

60 metal exhibits high solubility product constant (Ksp) with an
50 anionic polymer section, charge neutralization is responsible
40 for the observed formation of flocs. Now in the case of
- PPEI-heavy metal complex, the reversal in metal seques-

tration at higher doses beyond the optimum precipitation
condition seem to indicate also the significance of charge
neutralization in the precipitation of the heavy metal-polymer
W can s0e  E0 BOE OB GO0 OO SO0 complex. Re-dissolution of heavy metal-polymer complex
at high polymer dose could be attributed to the net negative
charge prevailing in the metal-polyelectrolyte complex
Fig. 1. Precipitation of heavy metals at different PPEI concentration: (  du€ to unreacted phosphonate sections in PEI that hinders
PR*; (O) Zn?*; (A) CU*. particle aggregation. This behavior has also been observed
for other heavy metal-polyelectrolyte systems particularly in
lower heavy metal concentrations. Furthermore, a check oncadmium and starch xanthate interactions. Xanthate groups
the residual phosphorous in Znsystem beyond the rever-  are known to form highly insoluble heavy metal complexes,
sal point showed that a considerable amount PPEI now re-yet at excessive amounts of starch xanthates, redissolution
mained in the filtrate suggesting possible re-dissolution of of starch xanthate—cadmium complexes occurs. The mech-
the PPEI-heavy metal complex at these conditiéing. 2). anism can be compared to a colloid—cationic polyelectrolyte
To describe the precipitation of these metals by PPEI, system, where the positively charged metal species resemble
clearly three regions of polymer concentration may be Vi- the colloid and the PPEI as the polyelectroljis].
sualized: a region at low concentration, an optimum region  Based on the practical point of view, the use of PPEIl as a
and a region of re-stabilization at high concentration, which ggje precipitant would seem inapplicable for metal scaveng-
results to the disappearance of flocs. At the third region the jng as the concentration of toxic metals would be difficult to
polymer—metal complex has become soluble so that flocs didreduce beyond the strict background levels. This is further
not appear despite the formation of metal-polymer complex complicated by technical difficulties with regards to the con-
as qualitatively confirmed by color changes particularly in - tro] of optimum precipitation conditions. Furthermore, it has

Equilibrium metal concentration (mg/L)

PPEI concentration(mg/L)

the Cif* solution as well as by ultrafiltration runs. also been observed that other transition metals such &S Hg
_Inparallel experiments regarding the precipitation of Cu  and C3* also does not readily form flocs with PPEL.
with phosphonate ions, however, further reduction of Cu As the above observations clearly indicate, aside from sol-

beyond the observed limit (>15 mgi) upon the addition of  ypjlity characteristics of introduced functional groups in the

more phlosphonate ions was observed. For example, at aboupg| polymer with heavy metals cations, the residual charge of
85mg "~ phosphonate (as sodium phosphonate) concentra-the polymer after metal binding also influences the efficiency

tion the residu_aI_C%T content is approximately 6.9 mgH. of metal precipitation. This residual charge may hinder parti-
However, at similar phosphonate concentration from PPEI, ¢je aggregation. With regards to this parameter, the possible
no significant precipitation occurred so that th€Ceontent  influence of the coordination requirement of the metals on

Of the ﬁnal SO|uti0n remained the same as the |n|t|a| Th|S Charge neutra”zation a|0ng the po'ymer is a|So being con-
observation indicates that the solubility product principle, sidered. In order for the flocs with the polymer to develop,
which governs the precipitation of phosphonate-metal com- e pelieve it important that the nature of metal coordination
would be such that charge neutralization along the polymer
would be maintained. It would be very interesting to elucidate
how this factor would actually contribute to the precipitation

50
45

S i properties of the different heavy metals by PPEI. Atthis point,
é" 0 however, our primary concern has been to develop a practi-
&g cal approach for metal precipitation utilizing PPEI so that
ERPYS we do not intend to explore on basic mechanisms yet. In the
E s succeeding discussions, an alternative method of capitalizing
- . .

10 on the chelating and flocculating property of PPEI for heavy

5 R R metal removal will be presented.

OO0 100 200 300 400 500 600 700 800

3.2. Heavy metal precipitation by PPEI-PEI complex

PPEI concentration (mg/L)

Fig. 2. Residual phosphorus of filtrate at different PPEI concentrations dur- ~ AS diSCUSSG:d in the previous section, th_e presence of r9§id'
ing Zr?* precipitation. ual charge during heavy metal sequestration limits the ability
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of the process to reduce metal concentrations beyond accept- 600

able levels. To counter this problem, the addition of other 1
cationic species, which does not displace the adsorbed metal 500 "‘“’.\K\.__.
400

species from the PPEI polymer in the solution, was consid-
ered. Following the principle of PEC formation for heavy
metal precipitation, the use of additional cationic polymer,
particularly PEI, was specifically evaluated in this work.
Aside from charge neutralization mechanism, addition of
such coordinating cationic polymer may have the additional

300

200

flocculant capacity (mg metal/g PPEI)

function of enhancing floc characteristics through polymer 100 4 e - . e
bridging.

To evaluate the feasibility of such process, initial studies 0 : : : : : : .
with Hg?* and C3* removal were conducted. From prelimi- 0 10 20 30 40 50 6 70 80
nary precipitation experiments with PPEI, floc formation was metal concentration in solution (mg/L)

not observed with Hg while longer incubation time before
flocs appear was observed in the case of*Cn these sys- Fig. 3. Isotherms for the removal of Figand C&* by PPEI-PEI polyelec-
tems, therefore, the immediate effect of the addition of PEl on trolyte complex: ®) Hg**; (M) Co*".

the development of flocs would be seen. Results confirmed

the possibility of employing PEI to quickly precipitate out are 0.1 and 0.005mg#t, respectively, were targeted. Tra-
the soluble PPEI-Hg and PPEI-C%" from the solution. ditional treatment processes involving alkaline precipitation
By careful addition of PEI to the PPEI-heavy metal com- thougheconomical and simple in operation has numerous set-
plex, readily separable flocs can be formed and a dramaticbacks in terms of insufficiency of metal removal to acceptable
reduction in the final concentration filtrate may be achieved. standards particularly for wastewater-types containing other
The amount of H§" and C&* removed was dependentonthe complexing species.

amount of incorporated PPEI. It must also be emphasizedthat Results showed the ability of the process to reduce the
the concentration ratio of [PPEI)/[PEI] also affects the extent concentrations of Hj and PB* to values lower than their

of removal so that individual tests to determine the optimum existing discharge limits. For example, from an initial concen-
amount of PEI at a given amount of PPEI was found impor- tration of approximately 5 mgH, the concentrations of Hg

tant. Interestingly, the optimum [PPEI)/[PEI] concentration and PB* had been reduced to about 0.002 and 0.025thg |
ratio was also found to vary depending on the heavy metal respectively, based from the limit of our experimental con-
being removed. This is postulated to be a consequence of thelitions. Analysis of isotherms indicated a PPEI capacity of
different coordination requirements of each metal, which de- above 412 mg H&f/g PPEI and 350 mg Bh/g PPEI at these
termines the resulting charge speciation of PPEI-heavy metalconditions Fig. 4). In the case of Cif, Zn?* and N#*, con-
complex. In these runs involving simulated waste streams, centrations have been reduced up to 0.015, 0.009 frarid
[PPEI)/[PEI] concentration ratio ranging from 6—10 was ob- below the detection limit, respectively, which are also way
served. Based on the obtained data?Hgpncentrations had  below the emission standards for these heavy metals. These
been reduced up to approximately 1.5 mgtrom an initial results correspond to capacities above 150, 110 and 100 mg/g
value of about 101 at 200 mg! PPEI concentration. A ca-  PPEI for C#*, Zn?* and NF*, respectively.

pacity above 490 mg Hg/g PPEI had been obtained at this con-
dition. In the case of Cg, concentration was reduced up to
approximately 3.2 mgt* at about 715 mgi* PPEI concen-
tration and this corresponds to a capacity of approximately 700

133mg C&*/g PPEI Fig. 3. For C#* and Zr*, further 600 ] /
reductions in concentrations have been reached beyond the . 0
limits observed irFig. 1 Specifically, concentrations lower 00 /,o/
than 3mgt?! and 0.1 mgt?! were achieved above 550 and 400 g,o‘o

740 mg 1 PPEI for C#* and Zrf*, respectively. In order to 3004
evaluate the merits of the above process for metal scaveng-

800

capacity (mg metal/g PPEI)

ing, studies on the precipitation of these heavy metals from 2009 o A-B—n A—"8
solutions of low initial concentrations were also made. 0o FAT—A——&" A

The employment of the above process for advanced treat- o . L
ment of metal contaminated waste streams is among the main 0.0 0.5 1.0 15 2.0 25 3.0

application being considered. As a polishing step, its ability
to remove metal concentrations way below existing emission
standards needs to be confirmed. For this evaluation, Japan'sig. 4. isotherms for heavy metal scavenging by PPEI-PEI polyelectrolyte
standards for industrial effluents for ¥band Hg*, which complex: O) PR*; (0) Zn?*; (A) CL2*; (@) Hg?*: (a) Ni2*.

metal concentration in solution (mg/L)
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I : In the above reactions, PEC complex between PPEI and PEI

09 may be due to binding between (a) protonated imino groups of
T oos PEI with unprotonated phosphonate, (b) unprotonated imino
E 07 groups of PEI with ZA* ions that are complexed with phos-
] 06 phonate groups of PPEI and (c) unprotonated imino groups of
E 43 PEI with Zrf* that are complexed with imino groups in PPEL.
N, 04 The imino groups in PEI may also coordinate witifZions
= g’ that are already attached with PPEI provided that coordina-

0'; tion requirements of the heavy metal is not yet completely

' satisfied by the PPEI polymer.

0 1 2 3 4 5 6 7 8 9
pH () 3.4. Heavy metal selectivity of PPEI-PEI

polyelectrolyte complex
Fig. 5. Effect of pH on the removal of 2h by PPEI-PEI polyelectrolyte

complex. As mentioned earlier, one of the main factors why we

) particularly selected nitrogen-type chelating compounds for
3.3. Effect of pH and mechanism for heavy metal heavy metal sequestration is their high preference for heavy
precipitation by PPEI-PEI polyelectrolyte complex metals over alkali and alkaline earth metals. This unique prop-

) o -, erty is inherent to the strict coordination type of binding that

The influence of pH on metal precipitation using“Zn ¢ between the electron pair of nitrogen donor and the
model metal ion was also studied. Qualitative evaluation peayy metal ion. In the field of wastewater treatment, this
of flocculation mmally revealed the insignificant effect of property is especially advantageous for the reason that non-
pH on the quantity of flocs that were formed. However, floC ansition metals as well as other cationic species that may
characteristics were found to vary with pH. Atvery acidic pH g present in the solution would not compete with the tar-
conditions (e.g. pH 2-3), flocs were more compact and rather gt heavy metals for binding sites in the polymer. Previous
st|ckyé+At higher pH, flocs were more dispersed. In terms esearches have in even confirmed that even at low concen-
of Zn=" sequestration, considerable differences at various i ation of the heavy metals, the heavy metal preference was
pH conditions were also observed. Expectedly, less removalya gy influenced despite high concentration of the compet-
was attained at lower pH due to extensive competition ing non-transition metal catiori8,12].
with hydronium ions for imino and phosphonate groups. 14 confirm whether the PPEI-PEI polyelectrolyte com-
At pH higher than neutral, a considerable enhancement in ey 4150 exhibits such property, evaluations on the preference
capacity was observed due to the formation of insoluble of the synthesized adsorbent for heavy metals over alkaline
metal hydroxides in addition to precipitation with PPEI 5,4 glkaline-earth metals were conducted. Evaluations on this
(Fig. ). . o particular characteristic were based or’Cand Zrf* pre-

The above observations indicate that at low pH, floc for- ¢isitation in the presence of Nidons (as NaCl). As expected,
mation may not directly translate to Zhsequestration since 2+ removal by PPEI-PEI complex was not reduced even in
considerable generation of floc was still observed at low . presence of high concentrations ofNans. Equilibrium
pH despite the low removal of Zh It is well known that ¢\ 2+ concentration at different Nacontent remained almost
PPEI polyampholyte precipitates at acidic pH. Hence, 0b- niorm in all the runsTable 9. Though slight reductions in
served floc formation at this condition may not be directly 2+ precipitation was observed at high Neoncentrations
attributed to PEC formation. Furthermore, PEC formation g, 4)yated, such reductions do not seem to correlate well with
between PPEI and PEI would be minimal at low pH since e considerable increases in Neoncentrations. Further-
most phosphonate groups are protonated (neutral charge)more, for some data, an enhancement of'Gaequestration
thus preventing its ionic interaction with protonated imino o< even observed at higher Neontent. We have some
groups of PEI. Upon the increase of solution pH, PPEI-PEI jieresting data at higher initial heavy metal concentration
complex starts to develop as phosphonate groups be_czime d&hat show that the addition of Nalo really improved metal
protonated. Now, in the presence of a heavy metarl?gk% ZNn removal. Specifically in the case of Znprecipitation by
and depending on the relative amounts of PPEIand 8 ppg) relatively lower equilibrium Zt concentration was
well as solution pH, PPEI-PEI complexes may form through ,pcerved at higher NeconcentrationsTable 2. This prop-

any of the following mechanisms: erty conforms well with our previous work on heavy metal
PPEI- - - Zn?t + PEI squgstration by nitrogen—_type chelating adsorbent where the
oy 24 addition of alkali and alkaline earth metal salts even resulted
— Zn""...PPEl---PEl.--PPEI---Zn 1) to better metal remov§l2]. This seemingly anomalous prop-

PPEI - - Zn*" + PEI erty can well be explained in terms of the enhancing effect
of anionic species (Cl in this case) that was also added to
— PPEI---Zn?t ... PEl--- Zrn?t ... PPEI (2)  together with the N&ion. In any case, however, the above
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Table 1

Precipitation of C&* and Zrf* by PPEI-PE| complex in the presence of different amounts &f Na

Metal [PPEI] (mgt1) [PEI] (mg 1) Na" (mg 1) Equilibrium [C2*] and [Zr?*] (mg 1Y)
Cw* 20 2.50 0 0.841
cwt 20 2.50 325 0.735
Cu?t 20 2.50 1300 0.765
cwt 20 2.50 3250 0.949
Zn?* 29 4.75 0 0.046
zn?* 29 4.75 325 0.022
Zn?* 29 4.75 1300 0.071
zZn?* 29 4.75 3250 0.136

Initial Cu?* and Zr#* concentration were approximately 5 mg)

Table 2

=4 ) ) to a relatively high residual Rf content of approximately
Precipitation of ZR* by PPEI in the presence of different amounts of Na

25.68 mg 1. By employing the PPEI-PEI flocculant system,

Na' (mg 1Y) Equilibrium Zr?* (mg ™) however, Nf* concentration can be easily reduced quite con-
0 35.44 siderably Table 3. Nickel concentration has been reduced
1232 gig‘; up to 0.30 mgt?. Further reduction of Mi" is expected by

corresponding increases in PPEI and PEI concentrations. The
almost constant TOC before and after treatment at the highest
amount of PPEI used, confirms the almost complete removal
of added PPEI and PEI. These results do confirm the poten-
data do establish another useful property of the PPEI-PEItial application of the PPEI-PEI system actual wastewater
complex for heavy metal sequestration. treatment.

3250 31.11
Initial PPEI and ZA* concentration were 400 and 97.89 md,Irespectively.

3.5. Treatment of actual wastewater with PPEI-PEI ]
system 4. Conclusions

As a chelating flocculant system, the performance of the [N this work, the ability of PPEI for heavy metal pre-
PPEI-PE! polyelectrolyte complex may be best evaluated CiPitation was initially studied. Heavy metals such as®b
by its application to wastewaters known to exhibit some CY~ and Zrt* were found to readily form preC|p|taEe with
treatment difficulty. In this case, an electroles$Nplat- PPEI alone. Other heavy metals such a$'Hand CG* did
ing rinse solution was considered. This wastewater containsn0t réadily form flocs with PPEL. Furthermore, the existence
Ni2* ions that are strongly complexed with organic ligands. ofopt|m_um PPEI dosage which when exceeded, rfasults tothe
These compounds are generally added to the solution in or-dissolution of the heavy metal-PPEI complex. This property
der to stabilize Ni* concentration in the plating solution. Indicates that heavy metal removal by PPEI may follow the
Unfortunately during the treatment process, the presence ofP€havior of colloid—polyelectrolyte system.
these compounds makes it rather difficult to completely re- 10 counter the limitation of the above system for heavy
move NP* ions by traditional hydroxide precipitation. As ~ Metal scavenging, the use of polyelectrolyte complex of PPEI
confirmed by preliminary precipitation runs, the adjustment " combination with PEI was therefore evaluated. Results in-

of solution to pH 12 by the addition of Ca(Og#till results ~ dicated that by this approach heavy metals may be precipi-
tated, hence their concentrations reduced even further so that

re-stabilization of flocs beyond a particular concentration of
polymer was not observed. Concentrations of HdPE™,
CW?*, Zr?* and NE* were reduced beyond their emission
standards for industrial wastewaters. The high preference of

Table 3
Treatment of electroless Ni-plating rinse solution with PPEI-PEI polyelec-
trolyte complex

; —
EE]ZT:_'L) ?;z'}_l) Frlr?; :_[{\;'2 ] T(_)_C (mg r%) the PEI—PPEI system for heavy metals over nc_)n—t_rar?sition
Initial  Final metal ions such as Navas also observed suggesting its ideal
195 39 1582 application to actual wastewaters that contain a wide variety
232 50 644 of organic and inorganic ions that may compete with the pro-
;g? Si 232 cess. Indeed, application of the process for the treatment of
323 84 109 actual heavy metal containing wastewaters such as an elec-
341 91 055 troless Ni plating rinse solution also yielded positive results.
377 94 030 403 409 The concentration of N was reduced beyond target stan-
Ca(OH} to pH 12 2568 dard limits despite the presence of complexing agents in the

Initial Ni2* concentration was 57.54 mgl. waste stream.
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