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Abstract
Oxidation of water or wastewaters with classical oxidants such as chloramine, chlorine dioxide, ozone or permanganate may 
lead to formation of carcinogenic N-nitrosodimethylamine (NDMA), when dimethylamine (DMA) is present as water pol-
lution. This study shows that peroxydisulfate (PDS) could be considered as relatively ‘safe’ oxidant as PDS partly destroys 
dimethylamine without formation of NDMA. Prior to use, peroxydisulfate was activated. Metal ions Fe+2, UV radiation and 
metal oxides CuO were compared as activator compounds to understand their efficiency in PDS systems (radical and non-
radical) for oxidation of DMA. The amount of nitrate formed as the result of nitrogen oxidation, as well as formaldehyde 
(FA), formed as the result of methyl groups oxidation, was monitored as an indicator of DMA degradation. Application 
studies conducted on natural water showed that activated peroxydisulfate can effectively protect against the undesirable 
NDMA formation.
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Abbreviations
AOPs	� Advanced oxidation processes
BOD	� Biochemical oxygen demand
CF	� Conventional Fenton oxidation
COD	� Chemical oxygen demand
DMA	� Dimethylamine
ECD	� Electron capture detector
FA	� Formaldehyde
GC–MS	� Gas chromatography-mass detector
HF	� Heterogeneous Fenton oxidation
HPLC	� High-performance liquid chromatography
MSD	� Mass selective detector
NDMA	� N-Nitrosodimethylamine
PDS	� Peroxydisulfate
TOC	� Total organic carbon
TW	� Tannery wastewater
UV-DAD	� Ultraviolet- diode array detector

Introduction

Water treatment plants supported by highly treated munici-
pal wastewater effluents are increasingly considered as a 
local supply of potable water. Increases in the demand for 
the reuse of wastewater, due to the shortage of fresh water 
resources in an arid area, require high-quality effluent from 
wastewater treatment plants.

In the last two decades, intensive research has been under-
taken to find effective methods for removing toxic impuri-
ties that occur in water, sewage and leachate in both trace 
amounts and in relatively high concentrations. Conventional 
methods for wastewater treatment are not always effective 
and efficient, especially when removing difficult-biodegrad-
able substances. These substances include: pesticides, phe-
nols and their derivatives, halogenated compounds, aliphatic 
and aromatic hydrocarbons, surface active substances, and 
organic dyes. The afore-mentioned compounds, as well as 
the derivatives of their incomplete oxidation, present at low 
concentrations in discharged treated wastewater, can nega-
tively affect the color, the taste, and the smell of water, and 
pose serious threats to living organisms.

Due to increasingly restrictive legal regulations, waste-
water from various industries, e.g. tanneries, must be spe-
cially treated. Such wastewater is a more difficult medium 
for treatment than, for example, municipal wastewater. 

 *	 A. Dabrowska 
	 agatadab@amu.edu.pl

1	 Faculty of Chemistry, Adam Mickiewicz University, ul. 
Uniwersytetu Poznanskiego 8, 61‑614 Poznan, Poland

https://orcid.org/0000-0002-8370-3734
https://orcid.org/0000-0002-5007-1136
https://orcid.org/0000-0001-8284-3906
http://orcid.org/0000-0002-9121-4586
http://crossmark.crossref.org/dialog/?doi=10.1007/s11696-020-01354-4&domain=pdf


994	 Chemical Papers (2021) 75:993–1003

1 3

Tannery wastewater (TW) consists of a complex matrix, 
where both high levels of inorganic and organic harmful 
compounds is detected (Schrank et al. 2005; Vilardi et al. 
2018a). Besides Cr (VI), various toxic organic compounds, 
such as phenols, 1,1-dimethylethyl-2-phenylethiazole, 
methyl-thio-benzo-thiazole, p-Cresol and inorganic anions 
have been commonly found in TW (Reemtsma et al. 1999; 
Chandra et al. 2011). The high concentration of reducing 
compounds in TW causes the noticeable Chemical Oxy-
gen Demand (COD, 3–10 g/L) and Biochemical Oxygen 
Demand (BOD, 0.5–4 g/L), that usually characterizes the 
TW streams, besides the strong odor and dark brown color 
(Wang et al. 2014; Deghles and Kurt 2016). TW also deals 
with very high concentrations of inorganic salts, such as 
chlorides, sulfates and nitrates (500–5000 mg/L) (Liu et al. 
2017). Conventional physicochemical purification processes 
(Song et al. 2004; Chowdhury et al. 2013), chemical (Naum-
czyk and Rusiniak 2005; Rameshraja and Suresh 2011), as 
well as biological ones (Durai and Rajasimman 2011), in the 
case of tannery wastewater are usually insufficient.

AOPs (advanced oxidation processes) purification meth-
ods are an alternative to these conventional purification 
methods, including the Fenton’s reaction (Mandal et al. 
2010), which use the high oxidation potential of gener-
ated hydroxyl radicals at the level of 2.8 V (Schrank et al. 
2005; Rameshraja and Suresh 2011; Abdel-Aal et al. 2015). 
Fenton’s oxidation is one of the most effective methods for 
removing impurities from wastewater. Moreover, the advan-
tage of the Fenton’s reaction is that, apart from the oxidation 
processes, the coagulation of impurities also occurs (Xing 
et al. 2006). Recent work of Przywara (2017) discussed the 
research aimed at determining the effectiveness of tannery 
wastewater treatment in the process of in-depth oxidation 
using Fenton’s reagent. The process was carried out using 
different doses of iron varied in the range of 0.056 g Fe2+/L 
to 0.56 g Fe2+/L, H2O2 from 0.34 to 5.44 g/L, and in the pH 
range from 2.5 to 3.5.

Extensive research on the treatment of tannery wastewater 
and the use of AOP is conducted by Giorgio Vilardi et al. 
(2018a, b, 2019; Vilardi 2018 ). Vilardi in his study reports a 
comparison among conventional Fenton oxidation (CF) and 
heterogeneous Fenton oxidation (HF) processes performed 
at large lab-scale on a Tannery Wastewater (TW). The het-
erogeneous Fenton process was carried out by using self-
lab-prepared iron nanoparticles as a solid catalyst. Two dif-
ferent catalyst/oxidant (Cat/Ox) (w/w) ratio were examined. 
A study on the influence of pH on the process efficiency, 
monitoring the COD, TP, H2O2 and Cr(VI) variation over 
the reaction time was carried out.

Among AOPs, Fenton processes are well-known within 
the scientific community because of their suitability to 
remove no-biodegradable organic compounds in complex 
wastewaters, such as those from olive oil (Hodaifa et al. 

2013) and pulp & paper industries (Tambosi et al. 2006). 
The main advantages of conventional Fenton (CF) process 
involve mild operative conditions (the process is usually 
performed at room temperature and atmospheric pressure) 
as well as low-cost and easily available reagents, (Kang and 
Hwang 2000). On the contrary, the process is often limited 
by some important drawbacks, such as the necessity to oper-
ate at acid conditions (pH = 2.5–3.5), a large hydrogen per-
oxide dosage and iron sludge production (Babuponnusami 
and Muthukumar 2014).

The use of solid iron based catalysts in an heterogeneous 
Fenton (HF) process (e.g., magnetite or nano Zero-Valent 
Iron particles, nZVI), instead of iron soluble salts, has been 
already proved to reduce overall sludge production (Kuang 
et al. 2013; Yang et al. 2015). In particular, nZVI is a well-
known suitable material for the treatment of Cr-polluted 
wastewaters (Vilardi et al. 2018a), because of its peculiar 
characteristics, such as noticeable specific surface area and 
chemical activity, towards both inorganic (Fu et al. 2014) 
and organic pollutants (Gosu et al. 2016).

Nitrate removal from urban wastewater (Stoller et al. 
2015) and from contaminated groundwater represented a 
severe environmental issue (De Filippis et al. 2013). Vari-
ous technologies applied also in more complex liquid matrix 
(Ochando-Pulido et al. 2014), such as membrane processes 
(Ochando-Pulido and Stoller 2015), AOPs (De Filippis et al. 
2011), photo catalysis (Stoller et al. 2015), or a combination 
of these processes (Vuppala et al. 2017), which have been 
successfully used to treat organic (Bavasso et al. 2016) and 
nitrogen polluted wastewaters (Di Palma et al. 2018; Vilardi 
2018).

Novel technologies to meet stringent water quality stand-
ards include advanced oxidation processes (Park et al. 2016; 
Chuang and Mitch 2017). Oxidation of water/wastewaters 
containing dimethylamines (DMA) with classical oxidants 
such as chloramine, chlorine dioxide, ozone or perman-
ganate can lead to formation of N-nitrosodimethylamine 
(NDMA), compound highly undesirable in potable water 
due to carcinogenic effects (Mitch and Sedlak 2002; Choi 
and Valentine 2002; Andrzejewski et al. 2007, 2008). The 
reaction of oxidation can contribute to total mineralization 
of the amine or it can be terminated when intermediates are 
formed. Formic acid, formaldehyde and nitrate are typical 
by-products of DMA oxidation. The mechanism of NDMA 
formation is well described for chloramination case (Mitch 
and Sedlak 2002; Choi and Valentine 2002), but the mecha-
nism of nitrosamine creation upon ozonation process is still 
a matter of discussion (Lee et al. 2007; Oya et al. 2008; Yang 
et al. 2009; Andrzejewski et al. 2012).

Peroxydisulfate (PDS), also known as persulfate, is 
lately often considered as a very useful oxidant. However, 
this compound to be an effective oxidant must be activated. 
Several types of activators are used, but application of metal 
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ions e.g. Fe+2, oxides of metals such as CuO or UV radiation 
seems to be the most promising (Berlin 1986; Anipsitakis 
and Dionysiou 2003, 2004; Zhang et al. 2014). PDS activa-
tion with metal ions leads to the formation of very reactive 
sulfate radicals (SO4*−) according to Eq. 1 (Anipsitakis and 
Dionysiou 2004):

Activation of PDS with UV radiation also leads to the 
formation of reactive sulfate radicals (SO4*–) according to 
Eq. 2 (Berlin 1986):

UV radiation activation can be two times more effective 
comparing to Fe+2 activation: two SO4*– radicals versus 
one radical, respectively. However, the efficiency of UV 
radiation activation is limited by low water transparency 
(turbidity). The radicals significantly increase micropollut-
ants destruction efficiency. On the other hand, two draw-
backs of the activation methods described above should be 
mentioned. First, for Fe+2 activation only 50% of PDS is 
converted to sulfate radicals (see Eq. 1). Secondly, sulfate 
radicals can be scavenged with chloride. Chloride is present 
in all raw waters and wastewaters at millimols per liter. The 
reaction can lead to formation of chlorine radical Cl* which 
further forms undesired chlorinated products. Similarly, bro-
mide also scavenges sulfate radicals leading to formation 
of brominated derivatives (Zhang et al. 2014). Brominated 
products are considered as more hazardous to environment 
than their chlorinated analogues. PDS activation with cop-
per oxide seems to be controversial as according to some 
authors CuO does not lead to radical formation (Zhang and 
Andrew 2013; Zhang et al. 2014), while others report forma-
tion of sulfate radicals as main oxidation species (Hu et al. 
2017). The process is efficient and it is not sensitive to chlo-
ride presence (Zhang et al. 2014; Hu et al. 2017). Accord-
ing to Du et al. (2017) and Hu et al. (2017) sulfate radicals 
were mainly responsible for degradation of iodinated X-ray 
contrast agent iopamidol in CuO/PDS system. Zhang and 
Andrews (2013) have proved the catalytically enhanced for-
mation of NDMA from DMA in chloraminated water in the 
presence of CuO as a copper corrosion product.

There is no information in literature concerning the reac-
tion of persulfate with aliphatic amines in aqueous solu-
tions. Application of PDS gives a unique chance to check 
an efficiency of PDS systems (radical and non-radical) for 
oxidation of DMA. Therefore, it is possible to tailor oxida-
tion mechanism of PDS simply by selecting the activation 
method.

The main objective of this paper is to study the ability 
of the PDS-based oxidation methods for possible formation 
of N-nitrosodimethylamine. Nitrate, formed as the result 
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of nitrogen oxidation, as well as formaldehyde, formed as 
the result of methyl groups oxidation, were monitored as an 
indicator of DMA degradation.

PDS concentration in water can be determined by means 
of derivatization technique prior to absorption measurement 
at 352 nm (Zhang and Andrews 2013). Authors of this paper 
decided to apply two indirect methods for searching changes 
of PDS concentration during oxidation process: determina-
tion of sulfate concentration (one of molecule of PDS finally 
generates two molecules of sulfate ions) and continuous 
measurement of red-ox potential in the reaction mixture.

Materials and methods

Standards, solvents and reagents

All chemicals used in this work were of analytical grade or 
better: dimethylamine (DMA) 60% solution in water (Fluka, 
Switzerland), potassium peroxydisulfate (Fluka 98%, Swit-
zerland), copper(II) oxide (CuO) prepared by means of two 
hours copper (II) carbonate (CuCO3) (Fluka, Switzerland) 
calcination at temperature of 320 °C, with specific area of 
51.7 m2/g and average pore size of 22.8 nm, iron (II) sulfate 
(FeSO4) (source of ferrous ions) was prepared from pure iron 
(> 95%, Fluka, Switzerland) as a result of metal iron (Fe) 
reaction with solution of sulfuric acid (> 95%, Fluka, Swit-
zerland), pH adjustments i.e. sulfuric acid (H2SO4) (> 95%, 
Fluka, Switzerland) or sodium hydroxide (NaOH) (> 98%, 
Fluka, Switzerland) as diluted solutions, hexane (95% 
J.T.BAKER ULTRA RESI-ANALYZED, USA), analytical 
standard of formaldehyde and O-(2,3,4,5,6-Pentafluoroben-
zyl)hydroxylamine hydrochloride (PFBOA) reagent for deri-
vatization process (of 98% purity) were from Sigma-Aldrich 
(USA). Sodium bicarbonate (NaHCO3) and sodium carbon-
ate (Na2CO3) were obtained from Sigma-Aldrich, Germany 
and France. A primary multi-anion standard solution, pro-
duced by Fluka, Switzerland, (Cat. No. 89886, Lot1265008) 
was used for calibration.

Deionized water from a Milli-Q Gradient system (Milli-
pore, USA) was used for the preparation of all mixtures. The 
resistivity of the deionized water was equal to 18.2 MΩ·cm 
(at 25 °C). We also used membrane filters with a pore size 
of 0.45 μm (LLG, USA). Natural water samples used in 
experiments are described in detail in the Sect. “NDMA 
formation”.

Instrumentation

NDMA was analyzed by means of HPLC-SHIMADZU 
Nexera-I, LC-20140C 3D, coupled with UV-DAD detec-
tor. The presence of NDMA in selected samples of post-
reaction mixtures were confirmed with GC–MS technique 
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by means of Hewlett-Packard 5890 gas chromatograph 
coupled with low resolution Hewlett-Packard 5971A mass 
selective detector (MSD).

The presence of nitrate, nitrite (the products of DMA 
oxidation) and sulfate ions (the product of PDS decompo-
sition) in the reaction mixture was determined by means 
of ion chromatography (IC). The employed ion chroma-
tography system was a LC-20 ADSP Shimadzu equipment 
with a CDD-10Avp conductometric detector, DGU-20A5R 
degasser, CTO-20AC oven column with a 25μL injection 
loop and Shodex SI 52 4E analytical column. The system 
was controlled by CBM-20A communication bus module 
with LabSolution software. During the analysis, the Con-
tinuous Anion Regeneration System—CARS (SeQuant, 
Sweden) was used. The eluent was composed of 1.0 mM 
NaHCO3 and 3.5 mM Na2CO3. The eluent flow rate was 
0.8 mL/min. The column pressure and temperature were 
set up at 9.8 MPa and 45 °C, respectively. The suppressor 
was automatically regenerated by 20 mM H2SO4.

Formaldehyde was analyzed by gas chromatography 
using Fisons Series GC equipped with 63Ni electron 
capture detector (ECD). Rtx-5MS (Restek) fused silica 
capillary column (30 m, 0.25 mm i.d., 0.25 µm film) was 
employed for the analysis, and Rtx-1301 (Restek) fused 
silica capillary column (30 m, 0.32 mm i.d., 0.5 µm film) 
was used as a confirmation column. Helium and nitrogen 
were used as a carrier gas and a detector make-up gas, 
respectively. Analysis was performed with a temperature 
program from 80 to 240 °C at 7 °C/min, then raised to 
290 °C at 20 °C/min. DataApex ClarityTM software was 
used for collecting and processing of chromatographic data.

The pH measurements were determined by a WTW pH-
meter equipped with SenTix pH electrodes (MultiLine® 
Multi 3430 IDS).

Total organic carbon (TOC) in selected aqueous samples 
was measured by means of AURORA Model 1030 TOC 
Analyzer (I.O. Analytical) using the peroxydisulfate/100 °C 
wet oxidation method.

For the determination of Red-ox potential multifunction 
meter CX-505 was used, equipped with red-ox electrode 
Aqua Medic Red-Ox/ORP coupled with data acquisition 
system based on ASUS G74S computer.

UV-C lamp (low pressure, mercury lamp 254  nm, 
9 W) was applied for UV radiation, as needed during the 
experiment.

Description of experiments

Peroxydisulfate has been applied in our experiments as 
a useful oxidant to destroy dimethylamine (DMA) with-
out formation of N-nitrosodimethylamine (NDMA). For 
PDS to be an effective reagent, it should be activated. 
Deionized water was spiked with 0.22/mML dimethyl-
amine DMA. All experiments were performed in a one 
liter glass reactor filled with 700 mL of reaction mixture 
that was continuously mixed with magnetic stirring of 
700 rpm. Amounts of activators depended on the type 
of reagent. 81.8 mg of FeSO4 × 7H2O, 1:1 molar ratio of 
PDS/activator and 140 mg of CuO, 1:6.3 molar ratio of 
PDS/activator were applied, pH of the reaction was 5.8 
as an optimal pH for destruction of selected contami-
nates with PDS/CuO process according to Zhang et al. 
(2014). The description of experiments and abbreviation 
of the corresponding experiment name are presented in 
Table 1.

All of experiments were carried out at ambient tempera-
ture for 60 min and were repeated 3 times for each activator.

Table 1   Description of 
experiments and their 
abbreviations

Experiment description Activators used in experiments

0.42/mML Fe+2 2.5 mM/L CuO UV lamp 
(turned on for 
60 min.)

Experiment abbreviation

Experiments with activation of PDS 1E 2E 3E
Experiments with activators without PDS 4E 5E 6E
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Results and discussion

Formaldehyde formation as by‑product of DMA 
oxidation

In general, when oxidants are in contact with water/wastewa-
ter containing dimethylamine, part of the DMA is oxidized 
to formaldehyde (FA) (Andrzejewski et al. 2011; Nawrocki 
and Andrzejewski 2011). Dimethylamine destruction during 
its oxidation by peroxydisulfate activated with ferrous ions, 
copper oxide or UV radiation was studied. It was observed 
that formaldehyde is evidently created as by-product when 
PDS is used. Results concerning formaldehyde formation as 
the result of DMA oxidation by ferrous ions, copper oxide 
and UV radiation activated PDS are shown in Fig. 1 (detailed 

description of experiments 1E, 2E, 3E see in Table 1). These 
results are presented as FA/DMA conversion rate [M/M %] 
versus reaction time. Because the activator itself can affect 
also DMA destruction, the effect of formaldehyde forma-
tion under the influence of activators themselves (without 
the presence of PDS) was additionally observed (detailed 
description of experiments 4E, 5E, 6E see in Table 1). The 
results are compared in Fig. 1. Presence of formaldehyde, 
as by-product of oxidation of methyl groups from DMA 
molecule, was observed in post-reaction mixtures indepen-
dently on PDS activation mode. The conversion of DMA in 
formaldehyde proceeded vigorously, already during the first 
few minutes, and reached the value over 14% when ferrous 
ions were applied. In the case of the reaction of only iron 
ions, without PDS addition, the formation of formaldehyde 
did not occur.

The rapid increase in formaldehyde concentration was 
observed also during the first few minutes when CuO and 
UV radiation were applied as PDS activator. The concen-
tration of FA slowly increased until the end of the process, 
the value of FA/DMA conversion rate was 8% and 12%, 
respectively. In the case of the reaction of DMA with only 
CuO activator, without of PDS addition, the maximum FA/
DMA conversion rate exceeded 1.5%. It seems that CuO 
played dual role in this process: as a PDS activator and as 
an oxidant of DMA at the same time. A similar effect was 
observed when UV radiation was applied without of PDS 
addition. The conversion rate was more than 2%.

Nitrate as by‑product of DMA oxidation

The results concerning presence of nitrate ions as by-prod-
ucts of DMA destruction by oxidation process using fer-
rous ions, copper oxide and UV radiation activated PDS 
are shown in Fig. 2 and compared with the effect of the 

Fig. 1   Formaldehyde formation as the result of DMA oxida-
tion by ferrous ions, copper oxide and UV radiation activated PDS 
(Fe2+:HCHO, CuO:HCHO, UV:HCHO) and only by activators with-
out PDS addition (No PDS Fe2+:HCHO, No PDS CuO:HCHO, No 
PDS UV:HCHO)

Fig. 2   Nitrate formation as the 
result of DMA oxidation by 
ferrous ions, copper oxide and 
UV radiation activated PDS 
compared with the effect of the 
activators themselves without 
PDS
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activators themselves (without PDS). These results are pre-
sented as NO3

−/DMA conversion rate [M/M %] versus reac-
tion time.

The value of NO3
−/DMA conversion rate using as indi-

cator of DMA destruction strongly depended on an activa-
tion mode. Traces of nitrate were found into post-reaction 
mixtures of dimethylamine and peroxydisulfate activated 
by ferrous ions (Fe+2) and CuO. NO3

−/DMA conversion 
rate was low and below 0.5%, whereas the reaction of DMA 
with UV radiation activated PDS resulted with considerable 
quantity of nitrate formed and NO3

−/DMA conversion rate 
was over 15%.

Nitrate was also monitored during the reaction of DMA 
with ferrous ions and CuO without reagent PDS. In this case 
conversion rate of NO3

−/DMA was very low (below 0.5%), 
and similar to that obtained for Fe+2 and CuO activated 
PDS. NO3

−/DMA conversion rate was also low (below 2%) 
after reaction of DMA with UV radiation without reagent 
PDS. From this point of view, DMA oxidation by UV radia-
tion activated PDS was the most effective process of DMA 
destruction. The presence of NO3

− as DMA destruction 
product causes the fact that the former DMA molecule is 
unavailable as NDMA precursor, even if other oxidant, such 
as chloramine or ozone, are subsequently applied.

Determination of PDS destruction by sulfate ions 
formation and changes in red‑ox potential

PDS destruction rate were evaluated by means of sulfate ions 
formation and red-ox potential changes. PDS destruction, 

measured as SO4
2−/PDS conversion rate [M/M%], obtained 

during DMA oxidation by ferrous ions, copper oxide and 
UV radiation activated PDS, are shown in Fig. 3. Sulfate 
ions formation yield and reaction dynamics strongly depend 
on PDS activation mode. PDS activation with ferrous ions 
results with very vigorous PDS destruction; the maximum, 
app. 92%, PDS destruction was obtained at the second min-
ute of process. Unexpected phenomena were observed dur-
ing CuO or UV radiation activation of PDS. Dynamics of 
PDS destruction processes during it activation by UV radia-
tion and copper oxide was lower compared with ferrous ions 
activation: the maxima of conversions were obtained at 60th 
minute of reactions. Moreover, conversion rate obtained for 
CuO activated PDS was definitely lower and hardly exceed 
20%. This phenomenon, observed for CuO activation, could 
be attributed to the fact that this is heterogenic activation 
process, which undergo at the border of two phases, i.e. solid 
(CuO suspension) and liquid (PDS solution in water).

PDS destruction rate, measured as changes in red-ox 
potential, obtained during DMA oxidation by ferrous ions, 
copper oxide and UV radiation activated PDS, is shown in 
Fig. 4. Some differences may be observed in changes of red-
ox potentials depended on PDS activation modes. Very fast 
PDS decomposition resulted with vigorous red-ox poten-
tial increase up to the second minute, when Fe+2 activated 
PDS was used. Subsequently red-ox potential increased very 
slowly and reached 626 mV. Contrary to red-ox potential of 
Fe+2 activated PDS, red-ox potential of CuO or UV radia-
tion activated PDS increased definitely slower and reached 
final potential 524 mV or 490 mV, respectively. It should be 

Fig. 3   Sulfate ions formation 
as the result of PDS destruction 
during DMA oxidation by fer-
rous ions, copper oxide and UV 
activated PDS
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stressed that, despite to PDS degradation rate (see Fig. 3), 
red-ox potential of CuO activated PDS was similar to the one 
obtained for UV radiation activated PDS. Moreover, shapes 
of the curves corresponded with these obtained for the analy-
sis of PDS degradation vs. activation mode (cf. Fig. 2).

An influence of activators, without PDS presence, on 
changes of red-ox potentials was also investigated. Rela-
tively small increase of red-ox potentials vs. contact time, 
was observed in post-reaction mixtures containing individ-
ual activators. The higher increase of red-ox potentials did 
not exceed 60 mV.

NDMA formation

N-nitrosodimethylamine formation was investigated in both: 
deionized and natural spiked water. Natural water samples 
were collected in the rural area of Zielonka Forest Region, 
25 km from the Adam Mickiewicz University, Campus 
Morasko, from natural pond in Boduszewo (see Fig. 5). The 
surface of the pond is 800 m2 and the maximum depth is 
3.5 m. The self-sown plants grow along the coastline of the 
reservoir, the pond surface is well sunlit, not wooded and the 
banks gently sloping towards the water are stable. The water 
samples were collected from the near surface layer, at depths 

no greater than 0.5 m. The physico-chemical characteristics 
of natural water used in experiment are presented in Fig. 5.

Example of NDMA identification by HPLC-UV-DAD in 
post-reaction mixture of natural water spiked with dimeth-
ylamine and treated by activated peroxydisulfate is shown 
in Fig. 6.

No traces of NDMA for limit of detection 
LOD = 0.01 µg/L were found in post-reaction mixtures of 
dimethylamine and peroxydisulfate activated by activators, 
i.e. ferrous ions (Fe+2) and CuO or UV radiation. No UV 
radiation as activator was use in experiments with natural 
water from Boduszewo, because of high value of turbidity 
in water samples.

As demonstrated by research of natural water 
(TOC = 14 mg/L), dimethylamine oxidation by homogenic 
(Fe+2) and heterogenic (CuO) activated peroxydisulfate can 
effectively protect against the NDMA formation.

Conclusions

No NDMA was found in all post-reaction mixtures of DMA/
PDS under experimental conditions. These results were dif-
ferent from these received for other commonly used oxidants 

Fig. 4   PDS destruction rate, 
measured as changes in red-ox 
potential, obtained during 
DMA oxidation by ferrous ions, 
copper oxide and UV radiation 
activated PDS, respectively
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like chloramine, ozone or chlorine dioxide, but similar to 
these obtained during DMA oxidation by H2O2. DMA was 
oxidized by H2O2 only in extremely high pH, i.e. equal to 
11–12.

Nitrate, as by- product of DMA oxidation, was found in 
all post-reaction mixtures, independently on the type of an 
activator. Formaldehyde as by-product of DMA oxidation, 
was also detected. DMA destruction efficiency, measured as 

NO3
−/DMA conversion rate [M/M%] strongly depended on 

PDS activation mode.
It seems that red-ox potential measurement could be 

considered as an auxiliary tool for the description of PDS 
oxidation process. Sulfuric ions determination could be con-
sidered as a good indicator of PDS destruction.

As demonstrated by research of natural water, oxidation 
of dimethylamine by activated peroxydisulfate can effec-
tively protect against the NDMA formation.

The physico-chemical characteristics of natural 
water from Boduszewo

Formaldehyde 
concentration [µgL-1]

6.7

Conductivity [µScm-1] 248.5
Absorbance [254 nm] 0.338
Dissolved oxygen [mgL-1] 11.4
Turbidity [NTU] 33.4
pH 8.20
TOC [mgL-1] 13.54

Fig. 5   Natural water from Boduszewo, rural area, Zielonka Forest Region (25 km from Adam Mickiewicz University, Campus Morasko)
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