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ABSTRACT

Heavy metals in groundwater are potentially concerned because of their persistent toxicity, trans-
formation to more toxic compounds, possibility of condensation, entry into the food chain. In this
study removal of cadmium based on complexion in a UV/sulfite, and adsorption into MnO, was
investigated. Herein, cadmium was removed completely in the optimal condition Na,SO, = 0.3 mM,
about 20 min reaction time (synthetic sample), pH 6, and 50 mg L. Afterwards, the real sample
was examined and anions increased with time to reach the standard from 20 to 30 min. In the first
stage, the sulfite-sulfate cycle and reaction with cadmium and then both substances were removed
from the solution by forming a complex. Advantage of this method against others includes less time,
higher efficiency, less use of reactive materials, and removal of both Cd and sulfite. The amount
of energy consumed decreased from 17.73 to 4.37 kWh m=, K _ (min™) 0.0915 to 0.1734 and r__
(mg L' min™) increased from 3.57 to 43.35 with an increase in Cd concentration from 50 to 250 mg L.
Presence of anions, such as nitrate and sulfate, increased the cadmium removal efficacy. Nitrate
reacted with e, and with sulfite radicals and did not allow the formation of complexes; meanwhile,

cadmium banding with sulfate helped its direct removal.
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1. Introduction

Cadmium is a soft white silver metal chemically similar
to the two stable metals zinc and mercury in Group 12 of
the periodic table [1-3]. Cadmium, lead, mercury, and chro-
mium are heavy metals without any physiological functions
often considered to be toxic substances [4]. In areas with
contaminated soil, water is a potential route for cadmium
exposure [5,6]. Human resources of cadmium release into
the environment, including copper and nickel smelting and
refining industries, fossil fuel usage, electronics recycling
[7]. According to the US Geological Survey, global cadmium
production from 2017 to 2020 was approximately 23,000
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tons [8]. Once cadmium enters the body, it travels in the
bloodstream through red blood cells and albumin and then
accumulates in the kidneys. Cadmium has been identified
as a potential risk factor for cardiovascular diseases (CVD)
[9,10]. In addition to the effects of cytotoxicity leading to
apoptosis or necrosis, cadmium is a carcinogen for humans
(Group I of the International Agency for Research on Cancer
Classification) [11]. According to the US Environmental
Protection Agency (EPA) guidelines, the maximum cad-
mium contamination in drinking water is 5 ppb due to these
hazards [12]. Various methods, including chemical pre-
cipitation [13], adsorption or ion exchange such as ZIF-67/
Fe,04 [14-16], polymer imprinted [4,17,18], electrochemical
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treatment [2,19,20], advanced treatment processes (ATPs)
[21,22], membrane technologies [23], and ozonation/UVA
[24], for decontamination, separation of targeting contam-
inate from water and soils have been proposed. Advanced
treatment processes (ATP) are able to achieve degradation
(removal) of specific organic and inorganic ingredients in
solution, which are not normally achieved through other
treatment options [25]. Recent advances have highlighted
advanced oxidation reduction processes (AORP) as possible
options [26]. Inorganic anions, such as iodide, sulfite, car-
boxylate, or ferrocyanide, are stimulated to produce elec-
trons and reduce species when exposed to a persistent UV
activator [27-29]. To produce large amounts of electrons
(e;,), two properties are very important: UV absorption and
electron production per absorbed photon, which in sul-
fite are 253.7 nm (e, 254 = 220 M cm™, respectively) and
e, (e.g., 0.286 mol E™) [30]. In this paper, sulfite was used
owing to its good properties. According to Eqs. (1)—(4), it
produces electrons and reduces species:

SO; +hv—SO; +ei, 1)
HSO; +e7; - H' +50; @
H'+H,0->H,0" +e_ ®)
H' +ef, > H' )

Radical chain reactions can also occur in medium reac-
tion [31,32].

SO;" +0, - SO;” ®)
SO, +H" - HSO; ©6)
SO;* + HSO, —S0? +50," +H' @)
SO," +H,0 —»SO> +HO" + H' ®)
HSO, + HO" - H,0+ S0}’ )

Hydrated electrons as very strong reducing agents
(E, = -2.9) can react directly with oxygen and produce
H* UV. It is one of the most common activation methods
which has been widely employed to produce oxidants to
form various AORPs. It is true that UV, rays are not able
to react directly with water, but they can stimulate sulfite
and create regenerative species or react directly with pol-
lutants. Therefore, in this work, UV rays were applied to
stimulate sulfite and remove direct and indirect cadmium
in a photo reactor.

2. Martial and methods
2.1. Chemicals

All the chemicals were obtained from reputable com-
panies and double distilled water (DDW) was used during
this work. Sodium sulfite (Na,SO,) was purchased from
Sigma-Aldrich. Cadmium solution was prepared from
sodium—cadmium solution from Merck Company. Cadmium
working solutions were obtained with appropriate dilution
of the existing solution.

2.2. Reactor configuration

A UV lamp (nominal power: 11 W; light intensity:
78 uW cm?) with a wavelength emission in the range
A, = 254 nm was utilized as UV irradiation source with
quartz sleeve fixed in center of the tubular glass (distance
of 1 ecm from the quartz). Cadmium solution was entered
in the empty space between the quartz and tubular glass
as reaction space. The experiments were performed in a
500 mL container. To prevent the effect of the lamp tempera-
ture on the reaction and disturbance in the results obtained,
water was rotated around tubular glass.

2.3. Analytical methods

In Cd photo-precipitation, the effects of initial Cd con-
centration (50-250 mg L™), initial pH (3-11), and photo-re-
action time (0-120 min) were investigated. Graphite atomic
absorption spectroscopy was employed to measure the
residual cadmium concentration. The following equation
was applied to determine the photo-precipitation of Cd.

Cd

Cd,-Cd,

Cadmium photo — precipitation = Cd

(10)

0

where Cd, and Cd, are defined as the Cd concentration
(mg L) at the beginning and during the time of the reac-
tion, respectively. In addition, the effect of anions on the
photo-precipitation of Cd was studied.

2.4. Kinetic model and energy consumption estimate

Since it is almost impossible to determine the amount
of reducing species in solutions, according to Egs. (11)
and (12), the pseudo-first-order was used to study the Cd
reduction model.

t 11)

C (12)

where K is the constant coefficient of reaction rate.
Important factors, such as economy, wastewater qual-
ity, and cost, also play a key role in choosing a treatment
technology. The major part of the cost of photo processes
in the removal of water pollutants is related to electrical
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energy. Although there are several methods on determin-
ing the AORPs electrical energy consumption in the lit-
erature and it depends on the type of pollutant, effluent
quality, the reactor configuration, and the type of light
source used, it is necessary to study the AORPs electri-
cal energy consumption under experimental conditions.
The International Union of Pure and Applied Chemistry
(IUPAC) has introduced the parameter of energy con-
sume for each order (figure-of-merit) briefly called E g
to determine the amount of electrical energy (kWh) in
UV-based reactions. Electrical energy per order E_, allows
to quickly determine the electrical energy consumption
and shows the total energy required. For the purpose of
comparison, the treatment efficiency for different pro-
cesses was evaluated through E_, values. This means that
the energy utilized almost 90% of photo-remove con-
taminants in 1 m® of contaminated water. The E_ values
were obtained by inverting the slope of a logC/C, vs. UV
dose [26].

Pxtx1,000
Ci

s

IUPACE,, = (13)

V x60xlog

where P is the amount of power (kW), V is the volume (L),
and t is the photo-reaction time (min) of water in the photo-
reactor. By combining and rearranging Eqs. (11) and (13),
anew E_, is obtained based on kinetic equation [33]

Kinetic E, = ‘I;X ?I’<8.4
X

(14)

obs

2.5. Reduction and oxidation species activity tests

The photocatalytic tests were carried out in UV-only,
UV/sulfite, and dark condition (sulfite only), in percent
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of oxidative and reductive scavengers at the optimal con-
dition. The initial concentration of Cd was 50, 100, and
250 mg L. To understand the role of SO;~ and O;~ and
reductive species in the mechanism of the Cd removal,
experiments with the addition of oxidative and reductive
species scavengers, including isopropyl alcohol, sodium
oxalate, and benzoquinone and nitrate (10 mL scavengers
in 100 mL of Cd aqueous solution) were conducted [34,35].
For all the tests, the reactor was in the dark for 1 h before
the UV lamp was turned on. During the test, several sam-
ples were collected at constant times and the concentra-
tions of Cd and were analyzed.

3. Result and discussion
3.1. Effect of pH

The effect of pH on Cd removal in dark, UV-only, and
UV/sulfite (US) process were investigated over a wide pH
range (3-11). As shown in Fig. 1, without irradiation, the
removal of Cd at pH 3 was insignificant (about 20%) and
then decreased with increasing pH. It can be concluded
that the adsorption rate of cadmium by sulfate particles is
20%. The effect of the presence of sulfite revealed that Cd
removal increased with decreasing pH. To explain this pH
dependence, Cd removal was performed under light con-
ditions at 5 different pH values (pH 3-11). In numerous
studies, the rate of Cd oxidation increased with decreasing
pH level, which is consistent with the findings of our study
[36-38]. Photo reduction/removal of cadmium at pH 7 was
studied by Nguyen et al. [39] using TiO, as the photocat-
alyst and with formate or methanol as the cavity control-
ler (h") and in the absence of organic additives, about 60%
of 30 ppm cadmium was removed from the solution. In a
study by Salmanvandi et al. [40], The removal of cadmium
(Cd(II)) ions applying a bentonite-supported Zn oxide
(ZnO/BT) photocatalyst, the maximum reduction/removal
efficiency of 74.8% was obtained at pH 5, contact time 6 h,
6 ppm Cd(II), and 4 g of ZnO/BT.

o— UV dark

——
i
7

13

pH

Fig. 1. Effect of pH on the removal of Cd (Experimental conditions: sulfite: 1 mM, Cd = 100 mg L, 60 min reaction time).
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3.2. Reducing and oxidizer species activity tests in cadmium
photo-precipitation

To gain further insight into the reduction and oxidation
mechanism in the UV/sulfite process, we investigated the
quota of different species by scavengers at pH 6 and 8. As
shown in Fig. 2, reducing species seem to be the predomi-
nant species. At pH 6, about 30% and 70% of reaction spe-
cies were oxidative and reduction species, respectively. On
the other hand, at pH 8 about 60% and 40% of the reaction
species respectively were oxidative and reduction species.
Inspection of Fig. 2 reveals that the contribution of reactive

100-

species at pH 6 with best performance to Cd removal are
SO;~ and SO;~ radicals. At pH 8, a significant difference
is observed probably due to the low percentage of solu-
ble sulfite and the presence of sulfate radical (SO;~) with
a high oxidation potential (E; = 2.60 V vs. NHE) in reac-
tion medium at this pH. According to Fig. 3, the reaction
rate of different processes demonstrates that the UV/S
is very rapid process in Cd photo-precipitation. At pH 3,
a significant difference was observed probably due to the
low percentage of sulfate radical at this pH [41]. Since
the performance of the system was better at pH 6, proba-
bly the sulfate-sulfite cycle was formed and the cadmium

80
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Fig. 2. Reducing and oxidizer species in cadmium photo-precipitation at various initial pH values (Experimental conditions:

sulfite: 1 mM, Cd =100 mg L™, 60 min reaction time).
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Fig. 3. Reaction rate of different conditions of cadmium photo-precipitation at various initial pH values. (Experimental conditions:

sulfite: 1 mM, Cd =100 mg L™, 60 min reaction time).
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photo-precipitation strengthened. It also revealed that
reducing agents play a more primary role in the reaction;
however, oxidizers are also very important. In the presence
of sulfite, K, _is significantly higher than that in the absence
of sulfite over the whole investigated pH range [31].

3.3. Effect of different sulfite dose

Different amounts of sulfite were used to investigate
the effect of sulfite dosage on Cd removal at pH 6 and fixed
sulfate dose at 1 mM. Determined C/C, values were plotted
against sulfite dosage in Fig. 4. C/C, values decreased ini-
tially with the increase in sulfite dosage, reached a maxi-
mum value at 0.3 mM, and then decreased. Sulfite can cause
chain reactions producing sulfur oxy and SO,* radicals and
increasing the sulfite concentration can improve the ini-
tial oxidation rate. However, they can react with sulfite by
over-increasing the produced radicals SO;* and SO;* when
applied at much higher concentrations.

3.4. Kinetics and energy consumed
in the photo-precipitation process

In cost-effective factors, energy consumption is a lim-
iting factor in the use of AORP process. In the current
study, kinetic and [UPAC methods were utilized to calcu-
late photo-process energy consumption. The calculation
of R? (0.97) in Table 1 indicates the fact that the cadmium
photo-precipitation process follows the pseudo-first-or-
der kinetics. The values of R? are given in Table 1 and are
calculated according to Fig. 5. The reaction rate increased
with raising concentration, which is due to the oxidizing
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and reducing species colliding with cadmium and sedi-
ment formation. On account of the need for more time or
insufficient generate of reactive species to the precipita-
tion of cadmium in high concentrations, the reaction rate
decreased at 100 mg L concentration. In kinetic and IUPAC
methods, energy consumption has increased with increas-
ing cadmium concentration and according to the formula it
is clear that more cadmium precipitation at higher concen-
trations requires more energy. Moreover, the proximity of
the energy obtained with the kinetic method in the range
of energy obtained from the ITUPAC method indicates the
accuracy of the calculations. Constant reduction and reac-
tion rate was probably due to a lower chance of cadmium
colliding with reactive species or insufficient generation of
reactive species to the sediment of high cadmium concen-
trations. It leads to a decrease in the efficiency of the pre-
cipitation process and the constant and reaction rate are
therefore reduced [42]. The amount of consumed energy
decreased from 17.73 to 4.37 kWh m~, K, (min™) 0.0915 to
0.1734, and r (mg L™ min™) increased from 3.57 to 43.35
because the amount of consumed energy varies depend-
ing on the concentration of the pollutant. In many studies,
energy consumption increases with increasing pollutants,
but in several others it is quite the opposite and the amount
of energy consumption decreases with increasing pollutant
concentration [28,43].

Heavy metal such as Cd can react with SO;* and SO;*
radicals in the aqueous medium [44], and then S-Cd can be
react by the MnOOH" and form a stable complex.

Step 1

SO +hv —>SO; + el (15)

1&
0.9
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Fig. 4. Effect of sulfite dose on Cd removal (Conditions: pH: 6, Cd =

100 mg L7, 10 min reaction time).
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Table 1
Pseudo-first-order kinetics and electrical energy used in different initial Cd concentration

Photodegradation pseudo-first-order

Cd (mg L) R? K, (min™) 7, (mg L7 min™) Kinetic E,, (kWh m~) Figure-of-merit E_, (kWh m™)
50 0.9582 0.0715 3.575 17.73 12.66-17.41
100 0.9692 0.1218 12.18 8.61 7.26-10.15
250 0.9852 0.1734 43.35 4.37 3.24-8.12
——50mgL —@—100mglL ®— 250mgL

C/C,

80
Time, min

Fig. 5. C/C, vs. t to calculate reaction rate constant (Conditions: [Na,SO,] = 0.3 mM, pH 6).
SO; +e, > H" +50; (16)  SO;"+H,0— SO} +HO" +H" (22)
H'+H,0 > H,0" +ei, (17) " HsO; + HO* - H,0+S0;" (23)
H' +el > H’ (18)

! Cd(NO3 )2 +50; = CdSO(S - Cd) (24)
S0O;"+0, - S0O;° (19)

Step 2: Where MnOOH" is a reactive hydroxyl group on

the manganese oxide surface and the 2MnO,-CdOOH is

. + - a surface complex. Also, radical chain reactions can occur
S0;"+H" - HS0, (20) in medium reaction [31,32].

SO," +HSO; — SO} +S0," +H" (21)  2MnO, +2H" — 2MnOOH" (25)
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2MnOOH" +CdSO™ — 2MnO, - CAOOH (26)
SO, +0, »S0;* 27)
SO, +H' - HSO, (28)
SO." + HSO; —» SO +S0;" + H' (29)
SO, +H,0 —»SO> +HO" +H' (30)
HSO; + HO" - H,0+S0;" (31)

3.5. Precipitation of cadmium and sludge survey

The sludge survey is an important issue in Cd precip-
itation and to perform it, 1,000 ppm of cadmium solutions
were tested. White sludge particles are exhibited in Fig. 6.
Fourier-transform infrared spectroscopy (FTIR) analysis was
employed to detect the type of sludge. As shown in Fig. 7,
the broad band at 3,454 cm™ was observed in the spectra
of all the samples related to Cd-S [45]. Furthermore, two
peaks were observed in the FTIR spectra of Cd at 1,064 and
992 cm™ can be attributed to the -Cd-O band [46], respec-
tively. This is supported by new a peak in FTIR spectrum
of Cd-OH at 619 cm™, suggesting the formation of Cd(OH),
and a peak at 1,412 cm™, associated with the stable Cd,0,.

3.6. Impact of anion in real sample on Cd photo-precipitation

Common anions in water and wastewater interfere
with AORPs and reduce their effectiveness. The amount
of water ions may also change after AORPs processes, par-
ticularly photo-precipitation. To explore the US process
application for the treatment of cadmium-contaminated
water, the experiments in two water matrix, including
distillated and underground water (real sample with Cd
additive), were carried out and the results are presented
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in Fig. 8. Obviously, the US process effectively removed
the cadmium from different water matrix and all the cad-
mium concentrations were reduced to a value of less than
100 mg L™ (the maximum permissible cadmium level) after
10 min of US process, suggesting the great potential of the
US process on practical applications for cadmium removal.
Fig. 8 illustrates that the examined ions increased the time
to reach the standard from 20 to 30 min (100 mg L) once the
actual sample was applied. The presence of nitrate led to a
decrease in removal regardless of the pH tested. CANO; has
an atomic structure similar to that of cadmium and can com-
pete with Cd for adsorption onto permanganate formed and
completely inhibit Cd removal [47]. In addition, to investi-
gate the involvement of anions in photo-precipitation and
the effect of photo-precipitation on the amount of anions
before and after photo-precipitation, the amount of anions

Fig. 6. Sludge generated in the photo-precipitation.

1412.15cm-1
619.15cm-1
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Fig. 7. FTIR of different sludge created in different sulfite dose.
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—@— C/CO (municipal water) -

C/Co

C/CO (Distilated water)

15 20 25 30

Time, min

Fig. 8. Comparison of row water (cadmium 100 mg L) and distillated sample effect in US performance (Conditions: [Na,SO,]

0.3 mM, pH 6).

in the real sample was measured through ion chromatogra-
phy. A real sample of drinking water well was taken from a
well which was out-of-service due to exceeding the WHO
standards. The chemical parameters of the groundwater
sample before and after the photo-precipitation in optimal
conditions process are represented in Table 2. The presence
of well water anions had a negligible effect on the perfor-
mance of the cadmium photo-precipitation process and the
removal efficiency. The least effect on cadmium photo-pre-
cipitation efficiency was related to sulfate and nitrate anion,
which is due to the dual effect of this anions. Nitrate reacts
with e; and with sulfite radicals and does not allow the
formation of complexes; meanwhile, by banding with cad-
mium, sulfate could help the direct removal of cadmium.
Additionally, the adsorption of UV radiations through
major anions and deactivation of the oxidizing and reducing
species or the development of anionic radicals that are not
as strong as e; or SO;~ radicals cause a reduction in pho-
todegradation. Nitrate has more acid dissociation constant
(k) than other anion and thus has a greater effect [48]. The
reaction between chloride, bicarbonate, nitrate, and sulfate
with €, and SO;" is represented in Eqs. (32)-(39) [49]:

HCO; +50; — CO;" +H,0 (32)
Cl +50;" — CIOH" (33)
NO, +50;" - NO + OH" (34)

Table 2
Chemical parameters of the real sample before and after the
photo-precipitation

Parameters Row water UV/SO;
pH (unit) 8.87 8.01
Cadmium (pg L™) 196.73 75.1
HCO; (mg L) 117.46 94.17
COZ (mg L) 47.02 44.87
NO; (mg L™) 17.27 10.65
Cl- (mg L) 75.27 64.78
SO; (mg L) 4991 126.34
HPO; (mg L) 9.68 8.63
SOi’ +S0; —250; +20° (35)
HCO; +e, — HCO; (36)
Cl + e;q +H" - HCl (37)
- _ 02—
NO; +e,, —»(NO;) (38)
SOZ’ +te, — SOZ’ (39)
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Table 3

Comparison of different catalytic methods with the present method

T. Rasolevandi et al. / Desalination and Water Treatment 260 (2022) 128-138

Processes Concentration of Cd  Reactive concentration pH Time (min) Performance References

UV/bentonite-supported 6 mg L 4gL? 5 360 74.8% [40]

Zn oxide (ZnO/BT)

UV/TiO,/Formate 30 mg L™ TiO,: 10 mg L 7-8 150 60% [39]
Formate: 6 mg L™

Ca0,/ZV1 10 mg L 15gL?ZVIand 0.5g L' CaO, 3 100 96.7% [50]

UV/TiSi/formate 100 mg L™ TiSi: 1.5 gL 3.5 60 89% [51]
Formate 200 mg L

UV/TiO,/H,0, 10 mg L™ 3mLL"H,0, and 11 180 97.7% [25]
0.8 g L TiO,

Solar visible/Y-sensitized 100 mg L 0.503 g L™ 7 180 37%-100% [52]

TiO,

Solar/TO/CFO 10 mg L 0.03 g L 6 180 92.02% [53]

Present study 100 mg L [Na,SO,] 0.1 mM 6 20 96.41%

As can be seen in Table 3 for comparing different cata-
lytic methods with the present method, the current method
has many advantages. These include less time, higher
efficiency, less use of reactive materials, and no need for
large pH changes.

4. Conclusions

Herein, the removal of cadmium in a novel process,
including reduction and complexion oxidation in a UV/sul-
fite, was investigated. The obtained information revealed
that the UV/S is a very rapid process. Comparison of differ-
ent catalytic methods proved that the US process needs less
time, has higher efficiency and less use of reactive materials,
and does not need large pH changes. This method investi-
gated a real well sample with anions, the more effective of
which were nitrate and sulfate. Nitrate reacted with e;qand
sulfite radicals and did not allow the formation of com-
plexes; on the other hand, the banding of sulfate with cad-
mium could result in the direct removal of cadmium.
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