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INTRODUCTION

In Peru, many tanneries mix their effluents 
into one container or pond due to insufficient 
storage or treatment facilities, exacerbating com-
pliance challenges with environmental discharge 
standards. Treating the effluents from this indus-
try is a complex process due to the unitary stages 
that skins in the tanning process undergo, each 
carrying a distinct pollutant load due to the differ-
ent chemical products applied to obtain a desired 
outcome. Among these pollutants, ammonia ni-
trogen is particularly difficult to remove through 
conventional treatment systems. Ammonia 

nitrogen in the tanning process originates from 
the use of ammonia salts during dehairing opera-
tions (Kong, et al., 2020), as well as from colla-
gen degradation, which, upon hydrolysis, yields 
proteins, peptides, and amino acids (Leta, et al., 
2005; Zhao, et al., 2019). The effects of ammonia 
nitrogen on aquatic ecosystems include eutrophi-
cation, posing toxicity risks to aquatic organisms 
(Leta, et al., 2005). The treatments applied for 
the removal of ammonia include chemical nitro-
gen removal (catalytic oxidation, electrolysis, 
ion exchange, ozone oxidation), physical re-
moval (chemical precipitation, emulsion liquid 
membrane emulsion techniques), and biological 
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nitrogen removal (styrene butadiene rubber 
(SBR) membranes, biological membrane treat-
ments) (Zhao, et al., 2019).

Previous studies have confirmed the high ef-
ficiency of electrocoagulation in removing chro-
mium, achieving removal percentages of 99% for 
chromium, 56.8% for chemical oxygen demand 
(COD), and 69.2% for biochemical oxygen de-
mand (BOD) (Aguilar, et al., 2019; Aguilar, et al., 
2020; Deveci, et al., 2019). However, it has been 
established that the removal of ammonia nitrogen 
is insufficient, requiring the integration of electro-
coagulation with other technologies to enhance 
treatment effectiveness. Hence, other technolo-
gies, such as ozonation and ion exchange, must 
also be integrated to fully treat these effluents. 
There are several precedents where at least two 
processes outlined in this study are combined for 
the treatment of several types of effluents.

The application of combined treatment pro-
cesses has shown better removal results. One of 
these studies was conducted by (Barzegara, et al., 
2019). Here, the authors used the electrocoagu-
lation/ozonation process for treating greywater. 
Results revealed an 85% removal efficiency for 
(COD) and a 70% removal efficiency for total 
organic carbon. The combination of the electro-
coagulation and ozonation methods generated a 
synergistic process that improves (COD) reduc-
tion times. In fact, the integrated process reduced 
(COD) by 88% in just 12 minutes. Furthermore, 
(Aziz, et al., 2016) proved that 100% removal of 
color and (COD) could be achieved through the 
ozonation–electrocoagulation process. Another 
study conducted by (Behin, et al., 2015) applied 
ozone-assisted electrocoagulation as an advanced 
oxidation process for the removal of acid triazo 
dyes. Under optimal conditions, the synergistic 
effect of the combined process achieved complete 
discoloration in 30 min with an energy consump-
tion of 7.4 kWh⁄kg of dye removed. (Asaithambi, 
et al., 2016) also compared the effectiveness of 
the ozonation, electrocoagulation, and ozone-
assisted electrocoagulation processes, where the 
hybrid electrocoagulation process was able to re-
move 100% of the color and 95% of the (COD).

Alternatively, other studies have also com-
bined electrocoagulation with ion exchange us-
ing zeolite as a medium. One such study was 
conducted by (Vukojevi´c Medvidovi´c, et al., 
2022), who integrated electrocoagulation and 
natural zeolite in the treatment of leachate from 
biological waste, achieving a (COD) removal of 

99.34%, a TNK removal of up to 100%, and a 
turbidity removal of up to 99.82%. (Ham, et al., 
2018) studied the removal of ammonia by activat-
ing synthetic zeolite in the aqueous phase through 
ion exchange in a batch. Among the adsorbents 
examined, modified synthetic zeolite A-4 was the 
most effective for removing ammonia. The opti-
mal activation condition of zeolite A-4 was es-
tablished through thermal treatment with Na+ at 
300 °C and a pH between 6 and 7. Another study 
by (Pan, et al., 2019) aimed to modify Chinese 
natural zeolite with NaCl and study its suitability 
as a low-cost clay adsorbent for removing ammo-
nia from an aqueous solution. The results indicat-
ed that pH substantially affects ammonia remov-
al, and maximum adsorption occurred at pH=8. 
(Ouyang, et al., 2021) applied faujasite zeolite in 
the adsorption of ammonia, among the zeolites 
tested, 13X-HP exhibited a great adsorption ca-
pacity, characterized by its small granule size of 
crystalline microspheres and its rough surface. 

During electrocoagulation, metal cations are 
formed through the oxidation reaction of metal-
lic anodes when subjected to the applied electric 
field. At the same time, the hydrogen gas bubbles 
produced at the cathode allow the flotation of 
contaminants to the surface. However, studies 
suggest that iron electrodes are unsuitable for 
treating tannery wastewater because they gener-
ate a black-colored effluent. According to (Ehsan 
Jafari, et al., 2023), aluminum undergoes oxida-
tive dissolution in aqueous solution during the an-
odic process, as depicted in reaction (1). Further-
more, at the cathode, water undergoes reducing 
dissociation, as shown in reaction (2)
	

 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴: 𝐴𝐴𝐴𝐴(𝑠𝑠) → 𝐴𝐴𝐴𝐴(𝑎𝑎𝑎𝑎)

3+ + 3𝑒𝑒− (1)
𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑜𝑜𝑜𝑜𝑜𝑜 ∶  2𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → 𝐻𝐻2(𝑔𝑔) + 2𝑂𝑂𝐻𝐻(𝑎𝑎𝑎𝑎)

−  (2) 

𝐴𝐴𝐴𝐴3+ + 𝐻𝐻2𝑂𝑂 → 𝐴𝐴𝐴𝐴𝐴𝐴𝐻𝐻2+ + 𝐻𝐻+ (3)
𝐴𝐴𝐴𝐴𝐴𝐴𝐻𝐻2+ + 𝐻𝐻2𝑂𝑂 → 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)2

+ + 𝐻𝐻+ 
𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)2

+ + 𝐻𝐻2𝑂𝑂 → 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 + 𝐻𝐻+ 
𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 + 𝐻𝐻2𝑂𝑂 → 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)4

− + 𝐻𝐻+ 
 𝑌𝑌𝑛𝑛 = %𝑅𝑅 = (𝐶𝐶𝑖𝑖 −𝐶𝐶𝑓𝑓

𝐶𝐶𝑖𝑖
) 𝑥𝑥100 (7) 

  
𝑌𝑌 = 𝛼𝛼0 + ∑ 𝛼𝛼𝑖𝑖𝑋𝑋𝑖𝑖

3
𝑖𝑖=1 + ∑ 𝛼𝛼𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖

23
𝑖𝑖=1 + ∑ 13

𝑖𝑖=1 ∑ 𝛼𝛼𝑖𝑖𝑖𝑖
3
𝑗𝑗=𝑖𝑖+1 𝑋𝑋𝑖𝑖𝑋𝑋𝑗𝑗 (8) 

 
 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑄𝑄

1000 ∫ 𝐶𝐶𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑡𝑡=𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑡𝑡=0  (9) 

 𝐶𝐶𝑎𝑎𝑎𝑎 = 𝐶𝐶 − 𝐶𝐶𝑖𝑖 (10) 
𝑞𝑞𝑒𝑒 = 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙

𝑚𝑚  (11) 

 ln (𝐶𝐶𝑖𝑖
𝐶𝐶 − 1) = 𝑘𝑘1𝑞𝑞0𝑀𝑀

𝑄𝑄 − 𝑘𝑘1𝐶𝐶𝑖𝑖𝑉𝑉
𝑄𝑄  (12) 

 
of 𝑁𝑁𝑁𝑁4

+ in the sample is achieved; however, by 20 minutes, column saturation has been reached, 
removing only 39% of 𝑁𝑁𝑁𝑁4

+. It has been reported that the removal efficiency of zeolites is influenced 
𝐾𝐾+, 𝑁𝑁𝑁𝑁+, 𝐶𝐶𝐶𝐶2

+, 𝑀𝑀𝑀𝑀2
+, 𝑍𝑍𝑍𝑍2

+ 𝑦𝑦 𝐶𝐶𝐶𝐶2
+, 𝐶𝐶𝐶𝐶−, 𝑁𝑁𝑁𝑁3

−, 𝑆𝑆𝑆𝑆42
− 𝑎𝑎𝑎𝑎𝑎𝑎 𝑃𝑃𝑃𝑃43

− (Huang, et al., 2018; Eberle, et al., the 
following order: 𝐾𝐾+ > 𝑁𝑁𝑁𝑁4

+ > 𝑁𝑁𝑎𝑎
+ > 𝐶𝐶𝑎𝑎

2+ > 𝑀𝑀𝑔𝑔
2+ (Xuejun, et al., 2007). In the effluents of the 

tanning process, ions such as 𝑁𝑁𝑎𝑎
+ and  𝐶𝐶𝑎𝑎

+ are present, originating from chemical inputs used, such as  
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	(2)
At the cathode, the following reactions oc-

cur: (1) the production of abundant hydroxyl ions 
OH- that react in solution with aluminum cations 
to form coagulants; (2) the production of hydro-
gen gas H2, which contributes to the destabiliza-
tion of colloidal particles, leading to flocculation; 
and (3) the flotation of contaminants by adhering 
to the tiny bubbles formed by hydrogen evolu-
tion (electroflotation) (Ehsan Jafari, et al., 2023; 
Howe, et al., 2012). The aluminum ions Al3+ pro-
duced by the electrolytic dissolution of the anode 
act as a coagulating reagent, undergo hydrolysis, 
and form mononuclear complexes, as depicted in 
the following reactions (Ehsan Jafari, et al., 2023; 
Burns, et al., 1997):
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Ozone is a strong oxidant that can react in 
aqueous solution with several organic and inor-
ganic compounds either through direct ozone at-
tack and/or through an indirect reaction of free 
radicals involving the hydroxyl radical induced 
by ozone decomposition in water (Asaithambi, et 
al., 2012). One of the ways to generate ozone for 
water treatment is by subjecting oxygen (O2) at a 
high electrical charge, causing molecules to sepa-
rate, and thereby forming ozone (O3). This ozone 
gas is then added to water through diffusers to de-
grade organic matter, in addition to presenting a 
high disinfectant power (Preethi, et al., 2009)

Similarly, ion exchange process is defined 
as an external surface complexation, involving 
the substitution of cations in the structure of ex-
changeable solids. Among the most researched 
ion exchange materials for ammonia removal, 
zeolites are notable for their high efficiency and 
low costs. (Sundhararasu, et al., 2022; Chung, 
et al., 2000; Khamidun, et al., 2022). it has been 
systematically studied for its potential application 
in effluent treatment due to its large specific sur-
face area, compared to other adsorbents, and high 
ion exchange capacity. (Kamimoto, et al., 2020). 
Zeolites are three-dimensional structures of tet-
rahedral aluminosilicates formed by the union of 
TO4 tetrahedra, or basic construction units, where 
T represents silicon and/or aluminum atoms in 
which aluminum and silicon atoms are bonded 
through covalent bonds to common oxygen at-
oms to form cages and interconnected channels 
(Huang, et al., 2018). The valence difference be-
tween silicon (+4) and aluminum (+3) results in 
an excess of negative charge in the crystalline 
structure. (De Magalhães, et al., 2022). They are 
characterized by their ion exchange and adsorp-
tion properties, due to their porous nature and 
their content of alkaline or alkaline earth cations 
fixed to their cavities that can be easily exchanged 
with surrounding positive ions. The exchange 
process involves intra-particle diffusion in the 
pores (Wen, et al., 2006; Zheng, et al., 2008, Ibra-
him, et al., 2017, Pan, et al., 2022).

Natural zeolites exhibit a porous structure 
and comprised hydrated aluminosilicate minerals, 
possessing valuable physicochemical attributes 

including cation exchanges, molecular sieving, 
catalysis, and sorption (Wang, et al., 2010). The 
study of natural and synthetic zeolites for the 
exchange of ammonia ions from aqueous solu-
tions has been undertaken by different research-
ers (Probst, et al., 2022). Within the zeolite struc-
ture, alkali or alkaline earth cations are reversibly 
bound within the cavities via weak electrostatic 
bonds and can readily be exchanged by adjacent 
positive ions such as , K+, Ca2+, Mg2+ thereby 
enhancing their mobility and exchange capac-
ity with solution cations. This property renders 
zeolite capable of effectively removing heavy 
metals as well as ammonia ions (Ibrahim, et al., 
2017). The application of ion exchange for con-
taminant removal can be carried out in batch or 
using fixed bed. In the latter, the adsorbate flows 
through the adsorbent contained in a column. The 
importance of this method lies in its feasibility for 
scaling up. (Sundhararasu, et al., 2022). Many of 
the studies conducted in fixed beds reported us-
ing synthetic ammonia samples to assess the ion 
exchange capacity of different types of zeolites 
(Sundhararasu, et al., 2022; Thushari, et al., 2016; 
Măicăneanu, et al., 2011). 

Therefore, electrocoagulation has shown op-
timal removal of BOD, COD, chromium, among 
other pollutants in previous studies, but ammonia 
has been found to be difficult to remove. Thus, 
the present study evaluated the treatment of an 
effluent sample from a tannery pilot plant. The 
treatment consisted of three stages: electrocoagu-
lation, ozonation and ion exchange. Electroco-
agulation and ozonation are intended to remove 
the pollutant load related to organic material and 
metals, and these results are analyzed using re-
sponse surface methodology. Ion exchange aims 
to complement the treatment by removing ammo-
nia to levels required by environmental standards. 

The objective of this research is to evaluate 
the effectiveness of electrocoagulation, ozona-
tion, and ion exchange in the removal of ammonia 
nitrogen from tannery effluents. The novelty of 
this research lies in the integration of three tech-
nologies for the treatment of tannery wastewater. 

MATERIALS AND METHODS

Tannery wastewater

The tannery wastewater was provided 
by the Center for Productive Innovation and 
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Technological Transfer of Leather, Footwear 
and Related Industries (CITEccal), which was 
obtained from the processing of cow hides at its 
tanning pilot plant. The sample was a composite 
effluent and was prepared by mixing the effluents 
collected at the end of the stages of soaking, un-
hairing, bating, deliming, washing, pickling and 
tanning of the tanning process, where different 
tanning salts, reagents and substances are applied.

Obtention of zeolite sample

In this research, zeolite 13X-HP was used 
due to its availability in the local market. Zeo-
lite 13X-HP belongs to the faujasite (FAU) fam-
ily of zeolites, with a pore diameter ranging from 
0.74 to 1.12 nm. This structure allows for a high 
adsorption capacity due to its large pores, which 
facilitate the adsorption of larger molecules and 
a greater amount of adsorbate. In contrast, zeo-
lites of type A have a pore diameter of approxi-
mately 0.4 nm. Although these are effective for 
the adsorption of small ions, their smaller pores 
may limit the adsorption capacity for ammonium 
nitrogen compared to zeolites 13X-HP. (Ouyang 
et al., 2021). The zeolite was characterized using 
Fourier transform infrared spectroscopy (FTIR) 
with a SHIMADZU QATR 10 spectrophotometer 
10, through Attenuated Total Reflectance (ATR) 
in the range of 4000–650 cm-1.

Integrated electrocoagulation–ozonation–Ion 
exchange system

The integrated treatment system addressed 
the sequential treatment of the tannery wastewater 

sample using three treatment methods. It began 
with the electrocoagulation process, followed 
by the application of the ozonation process, and 
concluded with ion-exchange through a fixed-bed 
system. The details of each stage of the treatment 
are described below.

The electrocoagulation reactor is designed 
with dimensions of 16×16×22 cm3 (length × 
width × height). Eight aluminum electrodes were 
installed, functioning as anodes and cathodes, 
with an area of 100 cm2. A power source capable 
of supplying a current intensity of up to 50 A was 
used. For the ozonation of the treated water, a 
contact tank equipped with perforated hose dif-
fusers for ozone supply, generated by an ozonator 
with the capacity to supply ozone concentrations 
of up to 15 g/h, was used (Fig. 1). 

For the ion exchange system, a fixed-bed ad-
sorption system was designed and assembled. This 
involved acquiring a peristaltic Vikye brand pump, 
6 mm silicone tubes, 3/4” PVC tubes of different 
lengths (which varied from 5 to 15 cm), 3/4” PVC 
unions, 3/4” PVC universal thread unions, 3/4” PVC 
female caps, and a 6 mm flow regulator. Adsorption 
columns were assembled by connecting PVC tubes 
with the cap, which had 5 holes of ~ 1 mm diameter 
each arranged in a cross shape. Additionally, 0.3 g 
of cotton was placed between the cap and the tube’s 
outlet to homogenize effluent flow. The flow rate of 
the system was regulated using an electronic univer-
sal key and flow regulator and stablished at 14.5 ml/
min according to previous studies and system tests. 
The effluent was pumped from a feeding tank to 
the fixed-bed column, and the treated effluent was 
collected in a reception tank for analysis. The syn-
thetic zeolite used originated from 13X - HP, with an 

Figure 1. The integrated treatment system: (1) electrocoagulation reactor, (2) power source, (3) aluminum 
electrodes, (4) ozonizer, (5) ozonation tank, (6) diffusers, (7) feed tank, (8) flow regulator, (9) peristaltic pump, 

(10) fixed bed column with zeolite, (11) reception tank
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effective pore diameter of 10 A° (1 mm) and a par-
ticle size of 1.6–2.5 mm used as an air purifier minly 
in the production of medical oxygen with pressure 
swing adsorption technology.

Experimental procedure

In the first stage, the tannery wastewater was 
treated using the electrocoagulation reactor with 
aluminum electrodes, applying a response surface 
methodology. The variables considered were cur-
rent intensity and time, with the percentage of to-
tal suspended solids TSS removal as the response 
variable. In the second stage, the water treated by 
electrocoagulation underwent treatment in an ozo-
nation tank, to which ozone was supplied using 
an ozone generator prototype at concentrations of 
7 and 15 g/h. In order to evaluate the impact of 
contact time between ozone and the compounds 
present in the water, three contact intervals were 
selected: 30, 60, and 90 minutes. This is because 
contact time significantly influences advanced 
oxidation processes. According to previous stud-
ies, it has been observed that with a contact time 
of up to 30 minutes, only a 50% efficiency in 
contaminant removal is achieved (Aguilar, et al., 
2023). On the other hand, research by (Lanzetta, 
et al., 2023) and (Prabhakaran, et al., 2022) in-
dicates that after 45 minutes of ozonization, sig-
nificant reductions in COD can be achieved, with 
removal efficiencies ranging from 31% to 51%. 
Oxygen will be obtained by pumping natural air 
into the ozone generation chamber. The water re-
sulting from the two previous processes will un-
dergo ion exchange using a column packed with 
zeolite, where the percentage of ammonia nitro-
gen removal will be assessed.

For pH, conductivity, and temperature mea-
surements, the Oakton PCS 35 multiparameter 
device will be used. To quantify TSSs (response 
variable), a portable colorimeter DR900 Hach 
was used. The percentage of removal of TSS and 
ammonia nitrogen is determined by Equation 7
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, heights of 5 and 
15 cm were evaluated with zeolite masses of 12.65 
and 37.8 g, respectively, at a flow rate between 17 
and 18 ml/min, using the effluent under study. Once 
the height with the highest removal efficiency was 
established, and in order to study the adsorption ca-
pacity of the zeolite, the effluent was passed through 
the column, and samples of the eluate were taken 
over a time range from 15 to 40 minutes at intervals 
of 5 minutes. In this experiment, the flow rate was 
adjusted to 14.5 ml. The effluent used correspond-
ed to the composite effluent previously treated by 
electrocoagulation and ozonation. (Fig. 1) presents 
a diagram of the fixed-bed adsorption system used. 
The samples of the effluent eluted from the column 
were sent to an accredited laboratory for testing to 
determine their ammonia nitrogen content. Like-
wise, a sample of the effluent before treatment with 
the zeolite was also sent. The method used for the 
ammonia nitrogen analysis was SMEWW-APHA-
AWWA-WEF Part 4500-NH3 D, 24th Ed. 2023.

Experimental design using response surface 
methodology

For this study, the response surface methodol-
ogy was used, which allows optimizing the oper-
ating parameters of the electrocoagulation process 
with the fewest number of experiments. (Ebba, et 
al., 2022; Wu, et al., 2021). The specific method 
initially considered for optimization was changed 
because only 2 factors and 3 levels were considered 
in the experimental design based on preliminary re-
sults. To obtain the optimal values for electrocoagu-
lation treatment, the response surface methodology 
was applied using a full 3k factorial design, with two 
factors, electric current intensity (x1) and treatment 
time (x2), and three levels (-1, 0, +1) (see Table 1). 
Nine experiments with nine replicates and two cen-
tral points were conducted. The response surface 
methodology involves mathematical techniques 

Table 1. Independent variable ranges and their levels

Factor Variable
Levels

−1 0 +1

x1 Intensity (A) 3 5 7

x2 Time (min) 10 20 30
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applied to the improvement and optimization of 
complex systems (Choi, et al., 2020). This method 
is used to assess the effects of different parameters 
and their interactions on the responses from the sys-
tem (Choi, et al., 2020; Xu, et al., 2015). Equation 8 
denotes the second-order polynomial equation used 
in (RMS), which evaluates each of the independent 
variables at its three levels.

𝑌𝑌 = 𝛼𝛼0 +∑𝛼𝛼𝑖𝑖𝑋𝑋𝑖𝑖
3

𝑖𝑖=1
+ 

∑ 𝛼𝛼𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖23
𝑖𝑖=1 + ∑ 13

𝑖𝑖=1 ∑ 𝛼𝛼𝑖𝑖𝑖𝑖3
𝑗𝑗=𝑖𝑖+1 𝑋𝑋𝑖𝑖𝑋𝑋𝑗𝑗  

(8) 

(8)

where:	 Y is the response value, a0 is the constant 
intercept term, ai is the linear term, aii is the 
squared quadratic term, aij is the regression 
coefficient of the interaction term, and Xi 
and Xj are independent variables. The in-
dependent parameters were set as electric 
current intensity x1 and treatment time x2, 
and the percentage of TSS removal was de-
fined as a response variable. (See Table 1). 
For evaluation and statistical analysis, the 
Design Expert 11.1 software will be used, 
providing an ANOVA table at a confidence 
level of 95%. The fit of the polynomial 
model will be determined using the coef-
ficient of determination R2 and Radj.

Zeolite fixed bed ion exchange treatment

While carrying out adsorption and ion exchange 
fixed bed treatment processes, the breakthrough 
curves predict the bed lifespan and regeneration
time in the ion exchange system. The breakthrough
capacity is the point at which the outlet concentra-
tion reaches an upper limit, which is a percentage 
(usually 5 % to 10%) of the inlet concentration 
(Thushari, et al., 2016). The maximum adsorption 
capacity qtotal (mg) in the column is determined by 
the Equation 9–10, integrating the concentration of 
adsorbed ammonia as a function of time “t” [30].
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	 (9)

	 Cad = C – Ci	 (10)
where:	C represents the concentration of ammo-

nia eluted at different times, expressed in 
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where:	C is the concentration of ammonia eluted 
at different times expressed in mg/L, Ci is 
the initial concentration of the untreated 
sample expressed in mg/L, Q is the flow 
rate (L⁄min), k1 is the rate constant ex-
pressed in L⁄mg, M is the zeolite mass in 
g, and q0 is the maximum exchange ca-
pacity of the zeolite. 

RESULTS AND DISCUSSION
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Table 2. Physicochemical analysis of the effluent
Parameters Value

Total suspended solids (mg/l) 938

Chemical oxygen demand (mg/l) 3758.5

Biochemical oxygen demand (mg/l) 1556.7

Ammonia nitrogen (mg/l) 266,681

Turbidity (NTU) 1134

pH 7.98

Conductivity (µS/cm) 13870

Chromium (mg/l) 100,384

Hexavalent chromium (mg/l) <0,010

Oils and fats (mg/l) 17.50

Fecal coliforms (MPN/100 ml) <1.8

Sulfides (mg/l) 19,965
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and treatment time x2 factors, each with three levels 
and 20 experiments. Through Multiple Regression 
analysis, the response (y) was correlated with the 
design factors x1, x2 using the second-order polyno-
mial (see Table 4). The quadratic regression model 
for TSS removal (y)(y), in terms of the coded fac-
tors, is is reported in (Tables 3 and 4).

To assess significant variables, the P and F 
values of the ANOVA of the response variable 
are shown in (Table 5) below. The results indicate 
that current intensity x1 and treatment time x2  had 

a significant impact at a confidence level of 95% 
(p < 0.05) on TSS removal. An F model with a 
value of 23.72 and a Probability > F of less than 
0.0001 imply that this model is significant. Fur-
thermore, R2 values close to 1 demonstrate sat-
isfactory agreement between the results obtained 
and predicted (Sefatjoo, et al., 2020). Figure 2 dis-
plays the three-dimensional and two-dimensional 
response surface plots, based on two independent 
factors, to understand their main interaction ef-
fects (Dil, et al., 2019). 

Table 3. Experimental design

Run Block Levels
Current Intensity (A) Time (min) TSS Removal (%)

x1 x2 Experimental Predicted
1 1 −1 −1 3 10 83 83.25
2 1 0 −1 5 10 90 89.75
3 1 1 −1 7 10 93 93.47
4 1 −1 0 3 20 92 92.12
5 1 0 0 5 20 94 93.78
6 1 1 0 7 20 96 96.88
7 1 −1 1 3 30 94 94.51
8 1 0 1 5 30 95 95.19
9 1 1 1 7 30 96 95.89

10 1 0 0 5 20 97 98.45
11 2 −1 −1 3 10 83 83.25
12 2 0 −1 5 10 92 91.12
13 2 1 −1 7 10 94 94.58
14 2 −1 0 3 20 90 89.76
15 2 0 0 5 20 93 93.45
16 2 1 0 7 20 95 94.89
17 2 −1 1 3 30 93 92.99
18 2 0 1 5 30 95 95.13
19 2 1 1 7 30 96 96.60
20 2 0 0 5 20 98 97.89

Table 4. Statistical parameters obtained by RMS (%)
Source Sum of Square df Mean Square F-value p-value

Block 0.0500 1 0.0500

Model 272.97 5 54.59 23.72 < 0.0001

x1: Current intensity (A) 102.08 1 102.08 44.35 <0.0001

x2: Time (min) 96.33 1 96.33 41.85 < 0.0001

x1x2 32.00 1 32.00 13.90 0.0025

x1
2 15.48 1 15.48 6.73 0.0223

x2
2 20.02 1 20.02 8.70 0.0113

Residual 29.93 13 2.30

Lack of fit 12.93 11 1.18 0.1382 0.9901

Pure error 17.00 2 8.50

Cor total 302.95 19

R2 = 90.12%; R2
adj = 86.32
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Figure 2. Three-dimensional (3D) and two-
dimensional (2D) response surface Plots for TSS 

percentage removal

Table 5. Analysis of variance (ANOVA) for the RSM quadratic model

Answer
R2 Adj – R2 

p Quadratic response model based on least squares
%

TSS removal (%) 90.12 86.32 < 0.0001 y = 52.65774 + 8.01190x1 + 1.61190x2 – 0.1x1x2 – 
0.455357x1

2 – 0.20714x2
2

  TSS removal (%); y, current intensity (A); x1 time (min); x2

In Figure 3, it can be observed that the predic-
tive model used is quite accurate in estimating the 
removal of TSS, as it falls within the range of 80-
100%. Although small deviations are observed, they 
are mostly within an acceptable range. This is mea-
sured by the correlation index, which in this case is 
R² = 0.9012 (90.12%), indicating a good relation-
ship between the experimental data and the expect-
ed data. The variables current intensity and time 
were optimized using RSM to achieve maximum 

Figure 3. Regression chart illustrating the correlation 
between experimental data and predicted values 
obtained through response surface methodology, 

describing the percentage of total suspended solids 
removal

TSS removal efficiency. The optimal values found 
for current intensity and time were 5 amperes and 
20 minutes, resulting in a maximum TSS removal 
percentage of 98% (18.76 mg/L remaining).

Effects from current intensity on TSS Removal TSS

Current intensity is a critical parameter in elec-
trocoagulation, as it influences the rate of bubble 
generation, coagulant dosage rate, size, and devel-
opment of flocs, all of which impact the effective-
ness of electrocoagulation (Sriram, et al., 2023; 
Zaied, et al., 2020). Anode dissolution rate rises 
with increasing current density, resulting in more 
metal hydroxide flocs, thereby enhancing pollution 
removal efficiency. However, exceeding the optimal 
current density does not affect contaminant removal 
efficiency, but escalates treatment costs (Sriram, et 
al., 2023). In this study, three current intensity val-
ues of 3, 5 and 7 amperes were employed. In Figure 
2, it is observed that the current intensity shows an 
optimal behavior around 5 amperes. Current inten-
sities lower than this value seem to be insufficient 
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to achieve efficient removal, while higher intensi-
ties do not significantly increase TSS removal and 
could lead to increased energy consumption. On the 
other hand, TSS removal efficiency rapidly increas-
es from 83% to 98% as current intensity increases 
from 3 to 7 amperes, respectively. This is attributed 
to the increase in Al3+ and, consequently Al(OH)3 
particles released by the anode as the current inten-
sity increases (Deveci, et al., 2019). These results 
are consistent with those reported by (Aboulhassan, 
et al., 2018), who reports an efficiency of 96%. Fur-
thermore, (Leta, et al., 2005), reports efficiencies of 
99%, while (Varank, et al., 2014) achieve 85% TSS 
removal efficiencies.

Effects from treatment time on TSS removal

In electrocoagulation, the effectiveness of con-
taminant removal depends on the duration of the 
electrolysis process. As electrolysis time increases, 
contaminant removal efficiency also increases, as 
evidenced in this study concerning TSS removal. 
However, once the optimal electrolysis time is 
reached, contaminant removal efficiency remains 
constant, showing no further improvement as 
electrolysis times increase. The dissolution of the 
anode produces metal hydroxides. With longer 
electrolysis durations and constant current density, 
the production of metal hydroxides also increases. 
(Sriram, et al., 2023; Abdulrazzaq, et al., 2021). 
According to Faraday’s Law, the length of the 
electrolysis process during the electrocoagulation 
process affects the rate of release of metal ions into 
the system. (Malakootian, et al., 2010).

TSS removal efficiency was assessed after 10, 
20, and 30 min of treatment. Aluminum metal ions 
(coagulants) are produced through the dissolution 
of the anode when the current flows through the 
electrode. (Bishwatma, et al., 2022). The results of 
this parameter are depicted in (Table 3) and (Fig. 
2), confirming that the efficiency of TSS removal 
increases with treatment duration. It is observed 
that when the treatment time increases from val-
ues close to 10 minutes to around 25 minutes, the 
TSS removal efficiency increases steadily. How-
ever, beyond 25 minutes, the gain in efficiency is 
minimal and even negative, suggesting that longer 
times do not result in any significant additional 
benefits and could lead to unnecessary energy con-
sumption. It is observed that after 20 minutes and 
3 amperes, the TSS (Total Suspended Solids) are 
reduced from a value of 938 to 89 mg/l, reaching 
an efficiency of 90%. Meanwhile, after 20 minutes 
and 5 amperes, the TSS are reduced to a value of 

19 mg/l, achieving an efficiency of 98%. More-
over, it is noted that at the 30-min mark, the effi-
ciency either remains constant or declines in some 
cases. These findings closely align with those of 
(Espinoza-Quiñones, et al., 2009) who reported an 
approximate efficiency of 73% removal of TSS. In 
addition, (Varank, et al., 2014) reported high effi-
ciencies that approached 85% removal. Identifying 
the optimal treatment duration is crucial, as exces-
sively prolonged periods can lead to high electrode 
and energy consumption (Can, et al., 2006).

Effect from ozone in the ozonation reactor

Research indicates that the ozonation of tan-
nery effluents not only facilitates color removal, 
but also boosts the biodegradability index of the 
effluents (Preethi, et al., 2009; Houshyar, et al., 
2012). In addition to pre- and post-ozonation, 
ozone can also be applied within biotreatment 
as an intermediate step with significant results. 
The effluent treated via electrocoagulation under 
optimal conditions underwent treatment in an 
ozonation tank to lower the COD concentration 
and enhance effluent quality before undergoing 
ion exchange with zeolite. The ozonation pro-
cess was planned to be conducted in a separate 
tank to prevent microbubble formation from the 
electrocoagulation process, and to achieve better 
ozone distribution (Aguilar, et al., 2024). In the 
electrocoagulation reactor, a significant amount 
of COD concentration is removed, achieving an 
efficiency of 58% (1578.57 mg/L remaining). To 
reduce refractory COD, two ozone concentrations 
(7 and 9 g/h) and three contact times 30, 60, 90 
minutes were applied. In Figure 4, the maximum 

Figure 4. TSS removal percentage COD in the 
ozonation process
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percentage of COD removal was 23%  (1215.50 
mg/L remaining), at a rate of 15 g/h, and a contact 
time of 60 minutes. This low performance may 
be due to the formation of refractory intermedi-
ate compounds during the electrochemical process 
(Manenti, et al., 2014). However, at a dose of 7 
g/h and 30 min, the removal of COD is minimal. 
Similar findings are reported by (Srinivasan, et al., 
2012), who used ozone in secondary treatment, 
obtaining of COD removal efficiencies ranging 
from 34.9% to 33.9% with pH values of 3 and 12, 
respectively. Additionally, at pH values close to 7, 
only a slight increase in COD was observed, which 
may be due to the generation of simpler organic 
compounds from larger molecular compounds. 
(Srinivasan, et al., 2012; Iaconi, et al., 2002).

Another study conducted by (Houshyar, et al., 
2012), indicates that they achieved COD removal 
efficiencies of 60% in tannery wastewater using 
sodium hydroxide to reach an optimal pH of 9. Al-
ternatively, (Dogruel, et al., 2004) states that the 
highest COD removal with ozone is obtained in the 
phase where organic matter is easily biodegradable, 
achieving efficiencies of 22% with a feed time of 5 
minutes and an ozone flow rate of 42.8 mg/min. 

Ion exchange treatement process 

The tannery wastewater sample treated at the 
optimal conditions of electrocoagulation and ozon-
ation was then subjected to ion exchange treatment.

FTIR analysis of zeolite

Figure 5 shows the FTIR spectrum of the zeo-
lite used in the present investigation. The absorp-
tion band around 3332.77 cm⁻¹ corresponds to the 
O-H stretching vibration of adsorbed water and/or 
hydroxyl groups (OH) present on the surface of the 
zeolite. This band indicates the presence of water 
and OH groups that may be attached to the active 
sites of the zeolite. The band at 1644.60 cm⁻¹ is 
associated with the bending vibration of water ad-
sorbed in the zeolite structure. This signal confirms 
the presence of water molecules in the pores of the 
zeolite. The band at 950.33 cm⁻¹ corresponds to the 
asymmetric stretching of (Si-O) or (Al-O) bonds, 
which is characteristic of the tetrahedral units of 
silicon (SiO₄) and aluminum (AlO₄) that form the 
crystalline structure of the zeolite. The band at 
752 cm⁻¹ is attributed to the external asymmetric 
stretching of Si-O-Si bonds. This band is represen-
tative of the connectivity between silicon tetrahe-
dra in the zeolite structure. The band at 672 cm⁻¹ 

corresponds to the internal tetrahedral stretching, 
which also indicates the tetrahedral structure of 
Si-O and Al-O bonds in the aluminosilicate frame-
work (Ouyang, et al., 2021 Kongnoo, et al., 2016; 
Wang, et al., 2020) (Fig. 5). 

Application of a fixed-bed treatment

The pH of the sample was found to be in the 
range of 6 to 7. In an aqueous solution, ammonia 
can exist in non-ionized form NH3 and/or ionized 
form NH4+ depending on the pH and temperature. 
The ion exchange process with the adsorbent 
can only remove the ionized form (Fashi, et al., 
2021). The exchange capacity remains constant 
up to a pH of 7. During the ion exchange pro-
cess, alkaline or alkaline earth ions are replaced 
by NH4+ ions, leading to an increase in the con-
centration of the former in the liquid phase (Rah-
mani, et al., 2004). Several studies have reported 
that ion exchange increases as the particle size of 
zeolite decreases. For example, Wen reported in a 
batch study that particles ranging from 1.0 to 3.2 
mm had better efficiency 72% for ammonia re-
moval than particles of 8–15 mm. In this research 
work, the zeolite used had a diameter of 1.6–2.5 
mm (Wen, et al., 2006).

The concentration of NH4+ determined in the 
untreated sample with zeolite was 341.2 mg/L. It 
should be noted that the concentration of ammonia 
did not decrease significantly with the electroco-
agulation and ozonation treatments. Preliminary 
tests were carried out to evaluate de effect of the 
column height on NH4+ removal these were per-
formed at 14.5 ml/min for 35 minutes (this treat-
ment time was set as the necessary volume for 

Figure 5. FTIR spectrum of the 13 X zeolite used in 
the treatment
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analysis was 0.5 L). The results from the column 
of 15 cm indicated a higher removal percentage 
of 29.96 %, while the removal percentage for the 
5 cm column was 19.04 %. Thus, the higher the 
column, the greater the ammonia removal. This 
finding is consistent with the results of (Zheng, 
et al., 2008), who used column heights of 1.07, 
21.4, and 38.5 cm for a synthetic ammonia solu-
tion of 80 mg/L, achieving removal percentages 
of 30.74%, 47.25%, and 55.56%, respectively. 
Because of these results, the column height of 15 
cm was stablished for the following experiments.

Table 6 displays the ammonia concentrations 
measured in the eluates collected over time, along 
with the corresponding removal percentages. At 
5 min of elution, a 78 % removal of ammonia is 
achieved; however, by 20 minutes, column satu-
ration has been reached, removing only 39 % of 
ammonia. It has been reported that the removal 
efficiency of zeolites is influenced by various pa-
rameters such as contact time, initial ammonia 
concentration, adsorbent dosage, temperature, 
competing cations and anions, and dissolved or-
ganic matter (Huang, et al., 2018). Based on these 
results, there is a steady rise in 
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 concentra-
tion in the eluate as time (𝑡) progresses until t = 
20 min. This trend suggests the occurrence of the 
adsorption process, as the ammonia concentration 
in the eluate increases with the passage of fluid 
through the adsorption system. Additionally, it is 
noted that the maximum adsorption capacity is 
likely to be reached around the 20-min mark.

When evaluating the upper breakthrough lim-
it, where the eluate concentration equals 10% of 
the inlet flow concentration and is equal to 34.12 
mg/L, we determined that breakthrough has oc-
curred in the system because at 5 min of elution, 
the eluate concentration of 74.42 mg/L exceeds the 
breakthrough point. At 5 min of elution, a 78% re-
moval of 
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 are present, originating from 
chemical inputs used, such as sodium chloride, lime, 
sodium bicarbonate, and sodium formate. para el 
caso de esta muestra, estos no habrían sido remov-
idos significativamente por los otros tratamientos y 
estarían compitiendo por los sitios de intercambio, 
disminuyendo la capacidad de intercambio.

Alternatively, lower flow rates lead to in-
creased saturation time due to enhanced interac-
tion between the adsorbent and the sample analyt-
es. Some of the flow rates examined ranged from 3 
to 20 ml/min. Given this context and the prelimi-
nary assessment, the system was fine-tuned to op-
erate at a flow rate of 14.5 ml/min. Nevertheless, 
considering the results obtained and to enhance 
column removal efficiency, a comprehensive in-
vestigation into flow rates is recommended.

Upon assessing experimental data using 
Equations 7 and 8, a qtotal of 102.15 mg and a qe 
of 2.70 mg/g were derived. Similarly, applying 
the Thomas mathematical model yielded a rate 
constant K1 of 0.00014 L/min and a maximum 

Table 6. Ammonia nitrogen results in the raw sample and samples treated at different elution times
Treatment Time (min) H4

+ (mg/L) in the eluate (C) E (%)

M1 5 74.42 78.19

M2 10 134.09 60.70

M3 15 172.65 49.40

M4 20 209.57 38.58

M5 25 202.41 40.68

M6 30 218.43 35.98

M7 35 202.29 40.71

M8 40 230.60 32.42
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adsorption capacity of 2.64 mg/g. The experimen-
tal data exhibited a 75% fit to this model. (Fig. 6) 
illustrates a typical breakthrough curve.

Sundhararasu, et al., 2022 documented a 
maximum adsorption capacity at equilibrium 
ranging from 2.067 to 2.198 mg/g for a flow 
rate of 10 ml/min and a range between 1.346 
and 2.200 mg/g for a flow rate of 20 ml/min 
when utilizing Na-Zeolite-Based Geopolymers 
for removing ammonia from a synthetic sam-
ple with a concentration of 40 mg/L. A study 
on the application of zeolites in 
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 established in Executive Order No. 
010-2023-MINAM, which is 10 mg/L, operating 
conditions must be adjusted, zeolite content must 
be modified, serial systems must be used, and/or 
supplementary adsorbents must be used.

CONCLUSIONS

This study confirms that an integrated system 
combining electrocoagulation and ozonation ef-
fectively removes TSS, COD, and ammonia ni-
trogen from tannery wastewater. The results from 
the initial electrocoagulation treatment stage 
highlight the significant impact of current intensi-
ty and treatment time on TSS removal, achieving 
removal efficiencies of 98%, and 58% for COD. 
During the ozonation stage, with a duration of 60 
minutes and a rate of 15 g/h, COD was reduced 
by 23% and TSS by 20%. These results indicate 
the accomplishment of the VMAs for TSS and a 
close value for the COD.

In the subsequent stage, under specified treat-
ment conditions, zeolite 13X HP was able to ex-
change ions with the ammonia nitrogen from tan-
nery wastewater, reaching a removal efficiency of 
39% at equilibrium, the resulting value still exceeds 
the VMA stablished for ammonia. Furthermore, 
the maximum adsorption capacity of the zeolite 
was determined to be 102.5 mg, with a maximum 
adsorption capacity of 2.70 mg/g, comparable to 
results obtained using the Thomas mathematical 
model. To enhance removal efficiency, adjustments 
to operating conditions such as column height and 
elution flow rates are necessary, along with consid-
erations for establishing series processes, modifying 
zeolite structure, or complementing treatment with 
other adsorbents. Another crucial research subject is 
column regeneration and its associated costs when 
scaling up the technology. Even though the ammo-
nia removal achieved by ion-exchange did not ac-
complished the environmental standard, this study 
reveals that combining these methods results in a 
more effective solution when compared with the in-
dividual treatments, providing more effective tech-
niques for treating complex tannery wastewaters.

Future perspectives include the optimization 
of the ion-exchange, adjusting parameteres such 
as column height and elution flow rates, as well 
as the opportuinty of setting-up serial processses 
or modify the structure of the zeolite to improve 
its adsorption capacity. Additionally, research on 
the regeneration of the column and the associ-
ated costs of scaling-up the process will be crutial 
tasks for its viability at an industrial level. 
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