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A B S T R A C T   

One of the major challenges in reusing cooling tower blowdown water (CTBD) utilizing membrane processes is its 
remaining organic compounds, e.g., humic substances leading to biofouling. Besides, the possible abundance of 
chloride in CTBD imposes the concern of the formation of chlorinated by-products. To choose a pre-treatment 
process for the studied CTBD composition, various advanced oxidation processes (AOPs), including electro
oxidation (EO), photocatalytic degradation (PCD), heat-activated persulfate oxidation (PS), UVC/vacuum UV 
(UVC/VUV), and UVC processes, were evaluated and compared based on two main targets: i) highest removal 
and mineralization of the organics, especially humic substances; and ii) lowest formation of chlorinated by- 
products including adsorbable organic halides and oxychlorides. All the processes were conducted in the natu
ral condition of the real CTBD, while solution pH was monitored. Based on results of chemical oxygen demand, 
total organic carbon, dissolved organic carbon, UV254 absorbance, liquid-chromatography–organic carbon 
detection (LC-OCD), and fluorescence excitation-emission matrices (FEEM), it is concluded that PS leads to 
complete removal of organic compounds along with the lowest formation of low molecular weight organic acids 
and organic neutrals. FEEM and LC-OCD data also indicated that EO, PCD, and UVC/VUV processes brought 
about substantial removal of organic compounds and broke down the humic substances into low molecular 
weight building blocks and organics. Besides, EO exhibited the highest AOX and oxychlorides formation, while 
these were limited when using the other AOPs. Summarizing, PS, PCD, and UVC/VUV were efficient processes for 
the degradation and mineralization of organics without generating significant amounts of chlorinated by- 
products.   

1. Introduction 

Water reuse, especially in industrial applications, is highlighted in 
the sustainable development goals as one of the promising strategies to 
avoid freshwater scarcity [1]. In many industries, water plays a vital role 
in energy transportation through a cooling tower [2]. The water is 
usually supplied from freshwater resources, and several chemicals, e.g., 
acids, antiscalants and corrosion, and microbial inhibitors, are added as 
conditioning chemicals. The water becomes concentrated due to evap
oration due to the conversion of heat to latent heat. It is discharged as a 
cooling tower blowdown water (CTBD) to maintain the overall water 

quality. Thus, the cooling tower blowdown (CTBD) is expected to have 
high salinity and contains humic substances (HS) and other organic 
compounds (OCs) in variable concentrations [2]. Löwenberg et al. [3] 
reported that CTBD from Dow Benelux B.V. (the Netherlands) contained 
70 to 75% of OCs as HS. There are various treatment approaches for 
CTBD, and recently, membrane technologies have been studied and 
applied for the desalination of CTBD streams. However, membrane 
fouling is still the most concerning and inevitable challenge for reliable 
membrane performance. Thus, CTBD requires effective pre-treatment 
before membrane desalination [4]. HS is associated with bio-fouling 
[5]. G. Amy [5] summarized that different fractions of dissolved 
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organic matters (DOM) exhibited organic fouling to both low and high- 
pressure membranes. Low-pressure processes such as microfiltration or 
ultrafiltration are commonly used as pre-treatment technologies before 
application of high-pressure processes, like Nano-filtration or reverse 
osmosis[6]. However, the microfiltration and ultrafiltration show 
limited removal efficiency for the dissolved organic fraction, especially 
the HS, which governs foulant for high-pressure membrane [7]. The 
application of advanced oxidation processes (AOPs) as a pre-treatment 
step of membrane processes is a promising approach [8,9]. In AOPs, 
highly reactive oxidative species (ROS), e.g., hydroxyl radicals (HO•) 
and sulfate radicals (SO4

•-), are generated. These ROS attack OCs, 
including HS from source water, organic additives, microorganisms, etc. 
[9]. Within the last decade, ozone, H2O2, UV, Cl2, Persulfate, and elec
trochemical (EO)-based AOPs were studied for mitigating membrane 
fouling [10]. These studies showed a significant reduction of fouling by 
HS [8,11–14]. However, the generation of chlorinated organics has been 
reported as intermediates or by-products of AOPs due to the simulta
neous presence of organics, ROS, and reactive chlorine species, e.g., Cl•, 
Cl2•-, Cl2, or HOCl [15–17]. Furthermore, unfavorable toxic oxy
chlorides such as ClO-, ClO3

- and ClO4
- have been reported in AOPs due 

to Cl- reaction with ROS and reactive chlorine species [18]. In this way, 
various AOPs exhibit different performances towards producing the 
above-mentioned chlorinated by-products [19]. For example, photo
catalytic degradation (PCD) has been shown to generate significantly 
fewer chlorinated by-products as compared to electrochemical oxidation 
(EO) [20]. The ultraviolet light C and vacuum-ultraviolet light (UVC/ 
VUV) study by Moradi et al. [21] for sulfamethoxazole showed that Cl- 

reacts with HO• to form ClOH•− , which is a transient intermediate and 
dissociates back to HO•. Likewise, oxidation of Cl− to ClO2

•- by HO• is 
less probable at pH of 7 while it is viable at acidic conditions. Other 
studies also showed that UVC/VUV and UVC processes could reduce 
AOX formation during the oxidation of HS [22]. Hou et al. [18] studied 
the chlorate formation during the persulfate-based AOPs in the presence 
of DOC. The study showed that chlorate formation was in forms of 
HOCl/OCl− and SO4

•- mediated compounds, which were significantly 
scavenged by the DOC, eventually inhibiting chlorate formation [18]. 

Hence, this study focused on OCs removal and chlorinated by- 
product formation during cooling tower blowdown (CTBD) treatment 
with different types of AOPs, namely: electrooxidation (EO), photo
catalytic degradation (PCD), heat-activated persulfate process (PS), 
UVC, and UVC/VUV (UVC/VUV) process. Due to the complexity of the 
water matrix, the performance of the various processes was evaluated by 
following the chemical oxygen demand (COD), total organic carbon 
(TOC), dissolved organic carbon (DOC), UV254 absorbance, OCs mo
lecular weight distribution by liquid-chromatography–organic carbon 
detection (LC-OCD) and fluorescence excitation-emission matrices 
(FEEM) analyses. Organic and inorganic chlorinated by-product for
mation was monitored by considering adsorbable organic halides and 
oxychloride species (ClO-, ClO3

-, and ClO4
-). The influence of pH on 

COD, TOC removal, and by-products formation was also studied. 

2. Materials and methods 

2.1. Chemicals 

Sodium persulfate (Na2S2O8, ≥99%), sulfuric acid (H2SO4, 95%), 
sodium hydroxide (NaOH, ≥99%), N,N-diethyl-p-phenylenediamine 
(DPD, 99%), sodium chloride (NaCl, ≥99%), sodium chlorate 
(NaClO3, 99%), perchlorate standard for ion chromatography (ClO4

-, 
996 ± 6 mg/L), ethylenediaminetetraacetic acid disodium salt (EDTA, 
≥99%), monosodium phosphate (NaH2PO4, ≥99%), disodium hydrogen 
phosphate (Na2HPO4, ≥99%), hydrogen peroxide (H2O2, 30%), potas
sium iodide (KI, ≥99%), and uridine (C9H12N2O6, ≥99%) were obtained 
from Merck Chemicals B.V. (the Netherlands). 

2.2. Experimental procedure and experimental setup 

CTBD used in all the experiments was collected from Dow premises in 
Terneuzen (the Netherlands) and stored at 4 ◦C to limit microbial 
growth. The characteristics of the CTBD are given in Table 1 and 
Table S1. CTBD was filtered through a 110 mm membrane (Whatman, 
GE Healthcare) before each experiment. pH adjustment was achieved by 
the addition of concentrated H2SO4 (pH 3) or NaOH (pH 10). All ex
periments were conducted in duplicate, and blank control tests were 
carried out. All the experiments were conducted for five hours, and the 
samples were collected at 0 h, 1 h, 2 h, 3.5 h, and 5 h. Free chlorine was 
measured immediately after the experiment. Samples were kept in a 
refrigerator at − 20 ◦C for further analysis. 

2.2.1. EO experimental setup 
The EO experimental setup was described in our previous study [24]. 

In short, experiments were carried out in an undivided flow cell with a 
775 mL/min flow and a reactor volume of 33.6 mL. A boron-doped 
diamond (BDD) electrode as anode and platinum-coated titanium elec
trode as a cathode with an effective surface area of 22.4 cm2 were used 
(Magneto Special Anodes, the Netherlands). A current density of 8.5 
mA/cm2 was applied for all the EO’s experiments using an IviumStat.h 
potentiostat controlled by Iviumstat software (Ivium Technologies B.V., 
the Netherlands). 

2.2.2. PCD experimental setup 
PCD experiments were carried out in a glass beaker. 80 mL CTBD was 

pre-saturated with air for 20 min before the degradation experiments, 
and 40 mg (±1) TiO2 photocatalyst (Hombikat UV100) was added. Pre- 
treatment of TiO2 photocatalyst, via annealing at 600 ◦C for 4 h, was 
performed to achieve an improved photocatalytic performance (opti
mum between adsorbed surface OH groups and available holes at the 
surface), as reported in earlier work by our group [20,25]. The catalysts 
themselves are stable, and additional treatments are generally not 
required. The beaker was covered with a quartz lid and stirred at 350 
rpm in dark conditions for 30 min. UV-irradiation at 375 nm was ach
ieved using a closed box reactor equipped with eight 18 W TL-D UV 
lamps (Philips). The intensity of the lamp at 375 nm was ≈ 0.32 mW/ 
cm2 [20]. Samples were centrifuged for 10 min at 8000 rpm to separate 
the TiO2 before analysis. 

2.2.3. PS experimental setup 
The PS experiments were conducted in glass bottles equipped with a 

pH meter. The temperature was kept at 70 ℃, and the bottles were 
thoroughly mixed using a shaking water bath (SW23, JULABO GmbH, 
Germany), oscillating at 150 rpm. CTBD was preheated in the water bath 
for 30 min and freshly prepared 10 mM PS solution was added into the 
bottles. During PS activation, H+ ions are generated, leading to a pH 
drop [26]. Therefore, a concentrated NaOH solution was added to 
maintain constant pH during the experiment. Initially, PS was conducted 
for 5 h. Since the TOC removal changed little after 3 h, all data up to 3 h’ 
reaction was analyzed for PS and compared with other AOPs. Samples 
were taken and immediately put in an ice bath (<4 ℃) to quench the 
reaction. 

2.2.4. UVC and UVC/VUV experimental setup 
The UVC process and UVC/VUV experiments were conducted in 

Table 1 
Key parameters of cooling tower blowdown (Characteristics are tabulated in 
detail in Table S1).  

Parameter Unit Avg. (±SD) 

Cl- mg/L 467 (3) 
TOC mg/L 47(1) 
COD mg/L 105 (4)  
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stainless steel 0.3 L annular reactor (400 mm length × 25 inner and 40 
mm outer diameters) shown in Fig. S1. A low-pressure mercury UV254 
lamp for UVC and a UV185/254 lamp for UVC/VUV was fixed at the center 
of the reactor encompassed in a quartz sleeve with 25 mm outer diam
eter (25 W, Van Remmen UV Technology, the Netherlands). According 
to H2O2 actinometry [27] and uridine actinometry [28], it was esti
mated that the UV185/254 - lamp emitted 8.2 mW/cm2 intensity at 185 
nm and UV254 lamp emitted 20.9 mW/cm2 intensity at 254 nm. Further 
details of the actinometric methods are given in the supporting infor
mation (SI) (text S2, Fig. S2, and Fig. S3). CTBD was recirculated using a 
peristaltic pump through the reactor at 2 L/min from a circulation 
bottle. Temperature was kept constant to avoid the influence of elevated 
temperature on the reaction rate. The CTBD temperature was kept at 25 
(±2) oC with cold water recirculation through a cooling coil submersed 
in the circulation bottle (Fig. S1). Cold water was coming from a water 
bath (F25-HE, Julabo GmbH, Germany). The lamp and nitrogen stream 
was turned on 30 min before the experiment to reach the photons’ stable 
output and eliminate the oxygen inside the lamp and quartz sleeve’s 
interspace to prevent ozone formation [29]. 

2.3. Analytical methods 

TOC of the samples was measured by a TOC analyzer (TOC-L CPH/ 
CPN, Shimadzu, Benelux) using the Non-Purgeable Organic Carbon 
method (text S1.a) [30]. A Hach DR 3900 spectrophotometer (Hach 
Lange GmbH, Germany) with Hach test kits LCK1414/LCK314 and LCK 
390 was used to analyze the COD and AOX, respectively. Dionex ICS- 
2100 (Thermo, USA) ion chromatography and Perkin Elmer ICP-OES 
AVIO 500 plasma atomic emission spectroscopy were used for quanti
fication of anions and cations, respectively (text S1.b). PS, H2O2, free 
chlorine, and uridine determination methods are described in the SI 
(text S1.c) and text S1.d). UV254 was measured with an M200 Infinite 
Pro Microplate Reader (Tecan, Switzerland). The Fluorescence 
excitation-emission matrix (FEEM) was measured using a Perkin Elmer 
LS50B fluorimeter (text S1.e). The molecular size distribution of hy
drophilic fraction and quantification of hydrophobic fraction of the 
CTBD’s OCs were determined with size-exclusion liquid chromatog
raphy (LC-OCD) (Model 8, DOC-Labor, Germany). According to the 
molecular weight, hydrophilic organics are fractionated into bio
polymers (>20000 g/mol), humic substances (~1000 g/mol), low mo
lecular weight (LMW) acid, and LMW neutral (<350 g/mol) (text S2.f) 
[26]. 

2.4. Energy consumption calculation 

Energy consumption per order can be expressed as EE/O (kWh/m3), 
which mean the energy required to remove 90% of the TOC. The 
following equation can be used to calculate the EE/O [31]: 

EEO =
P∙t

V∙log(ci
cf
)

where P is the energy input in KW, t is the time in h, V is the liquid 
volume in L, Ci is the initial TOC, and Cf is the final TOC concentration in 
mg/L. Detailed power consumption calculation is given in SI text S3. 

3. Results and discussion 

3.1. Evaluation of AOPs for COD and TOC removals 

The selected AOPs were applied to remove COD and TOC from the 
CTBD at pH = 7.4 (±0.3). As shown in Fig. 1, the highest COD removal 
was obtained by EO, and complete COD removal was observed in 3.5 h. 
Due to the use of BDD as anode and presence of chloride in the CTBD, 
both direct/anodic and indirect/mediated electrooxidation have sup
posedly occurred with synergistic action of ROS and reactive chlorine 
species for oxidation and mineralization of OCs [20,24,32]. While the 
highest COD removal was obtained for EO, the EO’s efficiency for TOC 
removal was similar to that of PCD and UVC/VUV processes. Around 
50% − 55% TOC removal was obtained. Our previous study on CTBD 
oxidation with BDD showed that due to partial oxidation and chlori
nation of the OCs, the oxidation state of the organic carbon was 
increased and oxygen demand was reduced [24]. A detailed description 
of this oxidation state phenomenon was reported in [24]. Thus, the TOC 
removal was lower than COD removal as shown in Fig. 1. 

The highest exponential TOC removal (>95%) was obtained using 
PS. COD removal was not determined for PS due to the interference of PS 
in COD measurement. In case of PS, O–O bond in PS was homolyzed by 
heat at 70 ◦C leading to ROS generation, especially SO4

•- and HO• [33]. 
Those two radicals have supposedly attacked the OCs of CTBD, leading 
to a high degree of mineralization. A sufficient amount of persulfate 
guaranteed abundant formation of ROS to react with organic carbon in 
the reactor. When lowering the persulfate dose from 10 mM to 5 mM, the 
TOC removal after 3 h reduced from 83% to 57% (Table S2) in agree
ment with the results obtained in other similar studies [34,35]. 
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Fig. 1. Removal of: (a) COD and (b) TOC from CTBD during different AOPs:(■) EO with BDD anode at 8.5 mA/cm2, (◦) PCD with TiO2 catalyst at 375 nm UV light, 
(×) PS with 10 mM PS, 70 ◦C, (◆) UVC/VUV with 185/254 nm UV light, and (▴) UVC with 254 nm UV light, initial pH = 7.4. 
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During the PCD, COD and TOC removal were up to 55% and 50%, 
respectively, linearly correlated with time. In PCD, the generation of 
photo-induced holes (h+) and electrons (e-) leads to the occurrence of 
redox reactions on the heterogeneous solid surface of photocatalyst 
[36]. Also, various oxidative species, especially the ROS, mainly 
including •O2

–, H2O2, 1O2, and HO• are generated within the solution 
attacking the OCs ([20,36]. 

UVC/VUV showed around 58% removal for COD and 53% for TOC, 
like PCD. In UVC/VUV, organics are attacked/influenced through the 
following ways [21]: i) homolysis of water molecules when exposed to 
185 nm UV and generation of H• and HO•; ii) water ionization and 
generation of free electrons, which are superior for reductive degrada
tion reactions; iii) generation of ozone and H2O2; and iv) direct 
photolysis. As shown in Fig. 1, using the UVC process, merely 25% COD 
and 19% TOC were removed through direct photolysis after 5 h. An 
experiment in identical conditions with Milli-Q showed that about 9.0 
µM H2O2 was accumulated in UVC/VUV, but no H2O2 was detected for 
the UVC process, indicating HO• generation during UVC/VUV (Fig. S2) 
[37]. With a high oxidation potential of 2.80 V, HO• enhanced the 
removal efficiency of OCs in UVC/VUV [21]. On the contrary, UV 
photolysis is efficient only in compounds with a high molar absorption 
coefficient at the used light source [38]. Compared to the other AOPs, in 
the UVC process, the OCs removal mainly occurred within the first 1 h, 
while after that, fluctuations around the average value were observed. A 
possible explanation could be the limited photolysis ability of UVC light 
towards the OCs, which reached its maximum value within 1 h. In 
similar cases of applying UVC, removal capacity has also reached its 
maximum within one hour [39–42]. 

3.2. Degradation of the humic substances 

3.2.1. Influence of AOPs on UV254 removal 
UV absorbance at 254 nm (UV254) was determined before and after 

the treatment, and the results are depicted in Fig. 2. As seen, UVC/VUV 
brought about the highest UV254 removal (85%), although it did not 
result in the maximum TOC removal. Similarly, the UVC process alone 
removed 19% of TOC while a 67% UV254 reduction was achieved. Unlike 
TOC, UV254 decrease indicates a decline of HS’s aromatic and conju
gated double bond [43]. These reactions are reported to coincide with a 
partial breakdown of HS’s complex and large molecules to smaller 
molecules with lower molar absorption coefficients [44]. Research from 
García et al. [45] also concluded that decreasing specific UV absorption 
(reduction of aromaticity) was not strictly correlated with HS’s complete 
depletion. In EO, PCD, and PS, the UV254 removal efficiencies were ca. 

75%. In these processes, the generation of ROS led to the destruction of 
HS’s aromatic content [46]. 

3.2.2. Change of molecular weight distribution 
To follow the DOC molecular weight distribution, LC-OCD analysis 

was carried out for all AOPs, and corresponding results are shown in 
Fig. 3 and Fig. S4. The highest DOC removal was observed in PS, by 
which 35.7 mg/L DOC was removed (80% DOC removal) in 3 h. Indeed, 
HS was substantially removed, which is desired for the membrane 
desalination feed water preparation. By EO, a DOC removal of 23.6 mg/ 
L was obtained. Using EO, 19.8 mg/L HS and 1.0 mg/L hydrophobic 
organic carbon were removed, while 0.5 mg/L LMW acids and 1.4 mg/L 
LMW organic neutrals were generated as reflected in LC-OCD results. In 
PCD, 24.0 mg/L DOC involving 25.4 mg/L HS was eliminated, while 3.2 
mg/L LMW acids were formed. Applying UVC/VUV, 19.35 mg/L DOC 
was removed. Although this process exhibited high removal of HS (23.9 
mg/L), generations of LMW acids (4.0 mg/L) and organic neutrals (2.6 
mg/L) lowered the overall DOC removal. Similarly, in the UVC process, 
DOC removal was only 10.1 mg/L, whereas HS removal was 13.9 mg/L. 
Thus, LMW acids and neutrals were formed, lowering the overall DOC 
removal. Also, LC-OCD chromatogram (Fig. S4) indicated a shoulder 
peak corresponding to HS’s building blocks becoming prominent after 
the treatment by PCD, EO, UVC/VUC, and UVC process. This building 
block formation confirms the structural change of the HS and higher 
UV254 removal. Accordingly, LC-OCD analysis showed that even though 
hydrophobic organic carbon as HS decreased, the concentration of 
building blocks, LMW acids, and neutrals increased for EO, PCD, UVC/ 
VUV, and UVC process. Such an increase will potentially lead to 
enhanced biofouling in membrane processes [47]. The PS exhibited 
efficient DOC removal with no notable formation of LMW acids and 
neutrals. It is hypothesized that in PS, generation of ROS was sufficient 
due to the excessive amounts of PS, showing up as the remaining PS after 
the process (Table S2), resulting in efficient degradation and minerali
zation of organics. 

3.2.3. DOC characterization using FEEM 
FEEM, along with LC-OCD and UV254, provides valuable insights into 

the DOC spectral changes for the studied AOPs. Fluorescence measure
ments reveal that humic acid (HA)-like, fulvic acid -like, and protein-like 
HS compounds are present [48,49]. These categories are attributed to 
DOC’s origin, while the variability of these categories represents the 
degradation status and formation of new fluorophores [50]. The FEEM 
and fluorescence regional integration (FRI) of FEEM intensity for CTBD 
before AOPs treatments are presented in Fig. 4a and Fig. 4b. As can be 
seen, CTBD is mainly comprised of HA and fulvic acid like HS. Thus, the 
FEEM analysis was consistent with LC-OCD analysis, giving about 33 
mg/L HS in initial water samples. The FRI analysis shows that CTBD 
contains 58% fulvic acid (region III), 27% carboxylic-like HA (region V- 
i)), and 16% phenolic-like HA (region V-ii). All these HS are capable of 
causing internal membrane fouling [51]. These HS factions are hardly 
removed with coagulation/flocculation and powdered activated carbon 
treatment [3,5]. 

As shown in Fig. 4b and Table S5, PS exhibited 98% overall FRI in
tensity removal, which is a valuable output in feed preparation for 
membrane processes. In the EO, DOC removal was 57%, whereas the 
overall FRI intensity removal was 97%. This decrease in FRI can be 
attributed to partial oxidation of the DOC’s carbon double bonds and 
chlorination. Several authors have reported that chlorination of DOC 
reduces the fluorescence intensity [52,53]. Similarly, PCD, UVC/VUV, 
and UVC process exhibited 93%, 89%, and 85% overall FRI intensity 
removal, whereas the DOC removals were 50%, 53%, and 19%, 
respectively (Table S5). 

For all the processes, the overall region’s FRI intensity removal was 
similar to individual region removal for the corresponding AOP 
(Table S5). Thus, FEEM and UV254 results mainly indicate that DOC 
organic molecular structure changes are reductions in the aromaticity 
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and double-bond fractions. So, from the FEEM analyses, it can be 
concluded that PCD, EO, and UVC/VUV substantially degraded the HS 
structure to LMW substance, which may cause less internal fouling to the 
membranes. However, TOC/DOC removal was only around 50 to 55%. 

3.3. pH influence on COD and TOC removals in different AOPs 

As a parameter that controls oxidation mechanisms, the solution pH 
effect on the process efficiency was investigated and the results are 
presented in Fig. 5. The initial and the final pH after treatment are 
tabulated in Table S3. Variations of the pH may influence the process 
through: i) chemical speciation of organic and inorganic constituents of 
the CTBD; ii) speciation of the generated ROS; iii) influencing catalyst’s 
surface reactions in PCD regarding the point of zero charges (pHzpc) and; 
iv) affecting current efficiency and diffusion rate of substances from the 
solution to the electrode [54,55]. As can be observed, EO exhibited 
complete COD removal and around 59% TOC removal independant of 
the solution pH after 5 h reaction time. The pH influence was limited 
because the reaction was mass transfer limited [24]. Nevertheless, the 
other AOPs were dependant on solution pH, especially the UVC/VUV 
and UVC processes. The UVC/VUV brought about almost complete COD 
removal and 89% TOC at pH 3, 53, and 45%, respectively, at pH 7 and 
pH 10 in 5 h. The higher light absorbance of HS caused this high removal 
efficiency at acidic pH due to the structural change of molecules 
resulting from protonation [56]. This phenomenon was also confirmed 
by a 25% increase in COD and TOC removal in the UVC process per
formed at pH 3 as compared to pH 7. In the UVC process, HS undergoes 
molecular destruction mainly due to photolysis, while the ROS genera
tion is negligible [57]. The pH value affects HS’s speciation and affinity 
towards photons’ absorbance and thereby influences the degradation 
rate [58]. Using PS, TOC removal efficiencies of ca. 71%, 76%, and 83% 
were obtained after 3 h, at pH levels of 10, 3, and 7, respectively. pH 
plays a complex role in heat-activated PS [59,60]. In acidic pH, SO4

•- is 
the predominant radical, while at pH 9, both SO4

•- and HO• are gener
ated and coexist. When pH exceeds 12, HO• becomes the predominant 
radical due to the reaction of SO4

•- with hydroxyl ion [59,61,62]. The 
SO4

•- and HO• reaction mechanisms with OCs are different. For instance, 

SO4
•- is mainly involved in electron transfer with OCs, while for HO•, the 

reaction mechanism dominantly includes an addition to C = C as well as 
H abstraction from N-H, C-H, or O-H [59,60]. This difference in the ROS 
composition and reaction mechanisms is responsible for different TOC 
removals in the PS at various pH levels. In PCD, TOC removals were 
increased from 34% to 50% and 55%, respectively; with changing the 
CTBD pH from acidic to an alkaline condition. The effective degradation 
in the alkaline environment can be attributed to less inhibition of the 
TiO2 catalyst surface due to less effective interaction of the anion species 
with the negatively charged catalyst surface, and the point of zero 
charges of TiO2 is at ~ pH 6 [63–65]. 

3.4. pH influence on AOX and oxychloride species formation in different 
AOPs 

The influence of initial solution pH on chlorinated organic and 
inorganic by-products was evaluated. In UVC/VUV, PCD, and UVC 
process, formation of i) AOX and ii) oxychlorides was negligible 
(Table 2). Chlorine species (ClO-/HClO) and chloride radical species are 
the main precursors of AOX formation [18]. 

Thus, when the generation of chlorine species is eliminated, the AOX 
generation is also suppressed [18]. Besides, HS and chloride are both 
radical sinks, while HS’s reaction rate with the radical species is higher 
than that of the chloride, leading to a lower AOX formation. Also, as 
indicated in Table 2, zero or negligible amounts of chlorine species were 
detected after these processes. Thus, AOX formation was suppressed by 
the absence of one of its major precursors. 

However, the EO exhibited significant AOX and chlorine oxyanions 
formation amongst the studied AOPs independent of pH. AOX formation 
in EO can be attributed to the simultaneous presence of HS and the high 
concentration of chlorine species [66,72]. Generally, chlorine evolution 
is unavoidable at the higher cell potential, leading to reactive chlorine 
formation. These electro-generated chlorine species react with HS to 
produce AOX [67,72]. The generated AOX, such as polychlorinated 
organic compounds, are likely persistent to oxidation; thus, they are not 
detected by the COD analysis; however, they are measured by TOC/DOC 
analysis (Fig. 1, Fig. 3 and Fig. 5) [68]. Besides, notable amounts of 
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oxychlorides were observed at all pH levels after 5 h EO treatment. The 
electro-generated chlorine species was accumulated in bulk solution and 
further oxidized through chain reactions to produce ClO3

- and ClO4
-. 

Using EO, the highest concentrations of AOX were observed at acidic pH 
of 3, similar to the other studies [68,69]. Another research stated that in 
alkaline conditions, ClO3

- concentration increased [69], which was also 
seen in the study reported here. To sum up, considering complete COD 
removal at all pH levels but 59% TOC removal along with the high 
concentration of chlorine oxoanions and AOX in EO; the following 
subsequent processes mechanism can be assumed to occur in EO: i) 
direct and ROS mediated oxidation of organics on the high oxygen over- 
potential BDD anode resulted in degradation of organics; ii) chlorine 
species accumulated in the system showing up as chlorine oxoanions; iii) 
formation of persistent AOX as a consequence of chain reactions of OCs 
and chlorine oxoanions. 

As shown in Table 2, in PS, 2.6 mg/L AOX was detected in acidic pH 
of 3, and a small amount of ClO- and ClO3

- were detached at all pH 
conditions. Yang and co-authors [23] investigated the overestimated 
adverse effect of halides in the performance of the heat/persulfate 
process for the degradation of wastewater contaminants. Similarly, they 
observed few AOX formations and concluded that the heat-activated PS 
process did not lead to a significant accumulation of AOX in the presence 
of halides [23]. They stated that in the heat/PS process, Cl2•- -was the 
primary active chlorinated species when the matrix contained chloride 
[23]. 

3.5. Implications for real application 

When considering treatment to remove recalcitrant organics from 
CTBD or similar water, several issues are recommended to be considered 

b)

a)

Fig. 4. DOC FEEM profile (a), and (b) FRI intensity of CTBD before and after different AOPs treatments: (1) EO with BDD anode at 8.5 mA/cm2 (5 h), (2) PCD with 
TiO2 catalyst at 375 nm UV light (5 h), (3) PS with 10 mM PS, 70 ◦C (3 h), (4) UVC/VUV with 185/254 nm UV light (5 h), and (5) UVC with 254 nm UV light (5 h), 
initial pH = 7.4. 
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from the application, namely: i) initial characteristics of the matrix and 
required preparation of the sample (e.g., pH adjustment, OCs removal, 
etc.); ii) factors associated with the setup and process (reactor design 
and optimization, ease of operation, etc.); iii) intermediates and by- 
products; and iv) energy consumption. In Table 3, TOC removal effi
ciency, energy consumption in terms of EE/0, chlorinated intermediates 
in terms of AOX and oxychlorides are indicated for each of the studied 
processes. 

As shown in Table 3, in the natural condition of the studied CTBD, 
the highest TOC removal and the detection of no (insignificant) AOX and 
oxychlorides were accomplished using PS. To elaborate further, neither 

pH adjustment nor consideration for PS activation was required. PS has 
an excellent potential to treat CTBD since it can take advantage of the 
cooling tower’s waste heat to activate the persulfate. At the same time, 
its post-treatment should be carefully designed to remove the extra 
chemicals added during PS. 

UVC/VUV process also fulfilled high TOC removal (89%) merely in 
acidic pH of 3. This operation at acidic pH necessitates a final polishing 
step, especially for reuse. Besides, in applying light-induced systems, 
especially for the treatment of real wastewaters, photon transfer limi
tations should be overcome [70]. This issue is also controversial for 
process feasibility in UVC and PCD processes. Using PCD, 50% TOC 
removal was obtained in the natural pH of the CTBD, although its 
highest efficiency was marginally higher and was observed at alkaline 
pH. In this process, AOX and oxychlorides were not detected. However, 
separation of the catalyst is a notable issue in applying PCD on a full 
scale, although this can be overcome by developing immobilized het
erogeneous catalysts [70,71]. Among the studied processes, EO was the 
worst in the generation of oxychlorides and AOX, the reasons for which 
were discussed comprehensively in previous sections. In the presence of 
chlorine species and HS, EO is not assumed to be a suitable option, 
leading to the generation of oxoanions of chlorine and AOX in notable 
concentrations. 

For energy consumption, values are calculated for each process as in 
Table 3. Here, it should be noted that processes were not optimized for 
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Table 2 
Effect of initial solution pH on AOX and inorganic chlorine species during 
different AOPs of CTBD: (1) EO with BDD anode at 8.5 mA/cm2 (5 h), (2) PCD 
with TiO2 catalyst at 375 nm UV light (5 h), (3) PS with 10 mM PS, 70 ◦C (3 h), 
(4) UVC/VUV with 185/254 nm UV light (5 h), and (5) UVC with 254 nm UV 
light (5 h).  

AOPs pH ΔCl- (mg/ 
L) 

ΔAOX 
(mg Cl-/ 
L) 

ΔClO- 

(mg/L) 
ΔClO3

- 

(mg/L) 
ΔClO4

- 

(mg/L) 

EO 3 − 314 (16) 11.8 160 437(9) 133 (15) 
7 − 294 (1) 9.2 (1.0) 210 (10) 459 (2) 149 (2) 
10 − 259 (5) 9.5 160 489 (7) 128 (15) 

PCD 3 − 5 (1) 0.2 (0.1) ND ND ND 
7 − 2 (1) 0.2 (0.1) ND ND ND 
10 1 (0.1) 0.1 (0.0) ND ND ND 

PS 3 − 27 (2) 2.6 (0.1) 0.3 
(0.03) 

0.7 (0.2) ND 

7 − 16 (0.3) − 0.2 
(0.2) 

0.2 
(0.02) 

0.2 (0.2) ND 

10 − 13 (2.5) − 0.1 
(0.1) 

0.3 
(0.05) 

0.2 (0.3) ND 

UVC 3 − 7 − 0.5 
(0.1) 

ND ND ND 

7 − 2 − 0.2 
(0.1) 

ND ND ND 

10 − 9 − 0.6 
(0.1) 

ND ND ND 

UVC/ 
VUV 

3 − 2 − 0.6 
(0.2) 

ND ND ND 

7 − 5 − 0.5 
(0.1) 

ND ND ND 

10 − 6 − 0.7 
(0.1) 

ND ND ND 

Notes: ND stands for not detected (below detection limit). 

Table 3 
Performance of the applied AOPs for the treatment of the studied CTBD. Con
ditions: (1) EO with BDD anode at 8.5 mA/cm2 (5 h), (2) PCD with TiO2 catalyst 
at 375 nm UV light (5 h), (3) PS with 10 mM PS, 70 ◦C, (4) UVC/VUV with 185/ 
254 nm UV light (5 h), and (5) UVC with 254 nm UV light (5 h), initial pH = 7.4.  

AOPs TOC removal (%) oxychlorides AOX EE/O (kWh/m3) 

EO 59 High High 52.6 
PCD 50 ND ND 13.1*/** 

PS 83 (3 h); 
> 95 (5 h) 

~0 ND 42(5 h) *** 

UVC 19 ND ND 322* 
UVC/VUV 53 ND ND 116* 

Notes: ND stands for not detected (below detection limit). 
* If the light efficiency is 100% (all the electrical energy converted to corre
sponding photon energy) 
** equivalent energy for TiO2 production is not included. 
*** equivalent energy for PS production is not included. 
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comparison and only considered to evaluate different AOPs for the 
treatment of a real CTBD under natural conditions concerning OCs 
removal and the generation of chlorinated intermediates. Overall, 
amongst the studied AOPs, PS appears to be a promising option for 
treating matrixes containing OCs and chlorinated species without 
generating AOX and oxychlorides. It requires 42 kWh/m3 energy per 
order of TOC removal. The energy requirement for persulfate activation 
can be solved using the waste heat from the cooling tower. Obviously, 
persulfate needs to be supplied continuously, adding cost to the process. 
EO and PCD also show excellent potential from an energy perspective. 
They require 52.6 kWh/m3 and 13.5 kWh/m3 energy input, respec
tively. However, BDD anode for EO and TiO2 catalyst for PCD process 
would increase the cost. 

4. Conclusions 

The removal of organic compounds (OCs) from CTBD was carried 
with electrooxidation (EO), photocatalytic degradation (PCD), heat- 
activated persulfate oxidation (PS), UVC/vacuum UV (UVC/VUV- 
AOP), and the UVC process. To assess and compare the treatment effi
ciency of different AOPs, several parameters were measured: removal of 
TOC and COD, the concentration of oxoanions of chlorine and AOX, 
UV254, liquid-chromatography–organic carbon detection (LC-OCD), and 
fluorescence excitation-emission matrices (FEEM) . 

The following conclusions can be drawn based on the experiments:  

1. EO, PCD, PS, and UVC/VUV, all removed organic compounds (OCs), 
while PS provided the highest removal under the experimental 
conditions chosen.  

2. UV254 and FEEM results showed that the fraction of humic substance 
(HS) of the OCs was converted to building blocks and LMW sub
stances, leading to a strongly reduced membrane fouling potential.  

3. Acidic conditions strongly favor UVC/VUV treatment performance, 
explained by an increase of light absorbance, whereas basic condi
tions favor PCD treatment performance. The pH hardly influences 
other treatments.  

4. AOX and oxychlorides formations were mainly dependent on the 
formation of reactive chlorine species, which were present, if any, 
below the detection level of the applied analytical procedure in the 
UVC, PCD, UVC/VUV, and in insignificant levels in PS.  

5. PS could be a suitable method in OCs removal and energy perspective 
when cooling tower waste heat can be used 

Overall, while EO generated chlorinated by-products and chlori
nated species-laden solutions, PCD, PS, and UVC/VUVOP demonstrated 
suitable pre-treatment technologies for the removal of HS/OCs from 
CTBD and similar waters. Thus PCD, PS, and UVC/VUVOP AOPs before 
membrane desalination enable reducing membrane fouling effects 
without significantly forming unwanted chlorinated by-products. 
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