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This study explores the potential of utilizing tannery sludge for short-chain fatty acids (SCFAs) production
through fermentation, incorporating zeolites in the process. The study involved a mild thermal pretreatment of
the sludge as well, aimed at enhancing the subsequent fermentation process by increasing the solubilization of
the organic matter. Six thermophilic continuously stirred tank reactor runs with varying hydraulic retention times
(HRT) and zeolite addition are conducted. Zeolites, known for their low cost and absorption properties,
significantly impacted chromium concentrations. SCFA production levels remain relatively consistent across
tests. However, the acidification efficiency, as reflected in the SCFAs/sCOD ratios, shows improvement in the
presence of Chabazite. Specifically, the acidification efficiency is highest in test RB8 (0.92 COD/COD). This
suggests that the addition of Chabazite enhances acidification efficiency in tannery sludge applications. The
findings highlight zeolites' potential to absorb heavy metals and improve acidification efficiency, indicating
promising practical applications for tannery sludge treatment.

1. Introduction

Tanning is a process that converts raw hides into leather, aiming to produce a durable material resistant to
microbial degradation, thermal stress, and humidity (Alibardi and Cossu, 2016). Trivalent chromium sulfate
(Cr(111)) is commonly used in this process, but it leads to the generation of tannery sludge with environmental
concerns (Abreu and Toffoli, 2009). The sludge, containing chromium, sulfides, organic pollutants, metals, and
microorganisms, is usually disposed of in landfills, contributing to environmental impact (Zhao et al., 2022).

To address this issue, anaerobic digestion (AD) is proposed as a sustainable method to manage tannery sludge.
AD involves four stages (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) and can produce
valuable by-products, such as short-chain fatty acids (SCFAs) and biogas.

However, tannery sludge, being solid-rich, faces challenges in hydrolysis, affecting subsequent stages (Achouri
et al., 2021). To enhance organic matter solubilization, a mild thermal pretreatment is applied, known for its
effectiveness in solubilizing the organic matter as shown on similar substrates (Zhen et al., 2017).

Moreover, tannery sludge contains high levels of ammonia and chromium, which can inhibit AD (Montalvo et
al., 2020), thus zeolites, crystalline aluminosilicates, are chosen for their ability to absorb these compounds,
promoting a more favorable environment for anaerobic microorganisms (Montalvo et al., 2012). The properties
of zeolites are influenced by various factors, with the ratio of silica to aluminum content, referred to as the Si/Al
ratio, being among the key determinants. Zeolites with a low silica content, specifically those with a Si/Al ratio
below 2, exhibit outstanding ion exchange capacity (Jiang et al., 2018). Chabazite and Clinoptilolite were
selected for their absorption properties for ammonia and heavy metals, as well as their low cost and easy
availability.
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The study focuses on analyzing tannery sludge as an AD substrate, considering the combined effects of zeolites
and mild thermal pretreatment on fermentation parameters. In particular, the focus is on the absorption of
ammonia and Cr operated by the added zeolites and the potential impact that this material has on the
fermentation, in terms of SCFAs production. Semi-continuous fermentation tests are conducted in continuously
stirred tank reactors (CSTR) with two hydraulic retention times (HRT) and compared to a "blank" condition
without zeolite addition to assess the material's impact. The goal is to find sustainable ways to reduce the
environmental impact and volume of tannery waste while producing valuable by-products through anaerobic
fermentation.

2. Materials and methods
2.1 Substrates’ characteristics

The tannery sludge employed in this investigation is a mixture of primary and secondary sludge obtained from
the Montebello Vicentino wastewater treatment plant (WWTP) in northeast Italy. The WWTP handles
wastewater from 23 tannery plants, subjecting it to both primary and secondary biological treatment.

The resulting dried sludge exhibits specific chemical and physical characteristics, including 830 + 14 g of total
solids (TS)/kg and 590 + 4 g volatile solids (VS)/kg. The chemical oxygen demand (COD) is 793 + 18 g COD/kg
TS, while total phosphorus (TP) and total Kjeldahl nitrogen (TKN) are 8 + 1 g P/kg TS and 32 + 1 g N/kg TS,
respectively. The total chromium content is determined to be 19155 + 310 mg Cr/kg TS.

Two natural zeolites, Clinoptilolite (CL) and Chabazite (CH), are utilized in this study. Clinoptilolite, with a
Clinoptilolite content of 70%-80% and water retention of 33.7%, required grinding due to 90% of the material
having a granulometry >1mm. Chabazite, composed of 64% Chabazite and a water retention of 37.8%, was
used as-is since 98% of the material measured less than 0.15 mm. The Si/Al molar ratio is approximately 3.3
for Chabazite and 4.3 for Clinoptilolite.

2.2 Experimental setup and parameters

A zeolite dosage of 0.26 g/gVS was chosen based on successful outcomes reported by Silva et al. (2021) and
Zorpas et al. (2002). The tannery sludge underwent mild thermal pretreatment, involving heating diluted sludge
and tap water with a S/l ratio of 7.0 w/w VS basis at 70°C for 20 hours, and was then employed as feedstock
for the three cycles of semi-continuous tests.

Each cycle involved two parallel reactors with a working volume of 1.5 L, inoculated with tannery sludge at a
concentration of 70 g TS/L. The reactors were maintained under thermophilic conditions (50 * 2 °C) with water
recirculation, and after a one-week lag phase, feeding occurred once per day based on selected HRTs of 4.0
and 8.0 days. Reactors RA4 and RAS8 received only thermally pretreated tannery sludge, while zeolite-amended
runs (RB4, RB8, RC4, and RC8) had the same sludge with the addition of Chabazite or Clinoptilolite. The
working conditions are summarized in Table 1.

The effluent from the reactors was used for the characterization in terms of sSCOD, N-NH4*, SCFAs, pH, and Cr.

Table 1: Operating conditions of the six runs of acidogenic fermentation. Clinoptilolite (CL) and Chabazite
(CH).

CSTRrun  HRT (d) OLR (g VS/I d) Zeolite
RA4 4 12.6 No
RA8 8 6.05 No
RB4 4 12.6 CH
RB8 8 6.05 CH
RC4 4 12.6 cL
RC8 8 6.05 cL

2.3 Analytical methods and calculations

The analyses were performed according to the Standard Methods (Apha Awwa, 2012), including total and
volatile solids (TS, VS), total Kjeldahl Nitrogen (TKN), N-NH4*, total phosphorus, and both forms of chromium
(Cr(lll) and Cr(VI1)). For the determination of SCFAs, an Agilent 6890 N gas chromatograph equipped with a
flame ionization detector (FID) was utilized, employing an Agilent J&W DB-FFAP fused silica capillary column.
The total Cr quantification was carried out with an inductively coupled plasma-mass spectrometry (ICP-MS)
NexION 350X (Perkin Elmer) coupled with the autosampler seaFAST (ESI). The Cr(VI) analyses were
performed with the direct spectrophotometric determination Cr(VI) by diphenylcarbazide (Apha Awwa, 2012);
the absorption measurements were carried out at 540 nm wavelength.
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An assessment of acidogenic fermentation involved the evaluation of different parameters such as SCFA
concentration, SCFAs/sCOD, the fermentation yield (Yscra®S™R) according to equation 1, and rate (qscra®S™)
according to equation 2.

1
YscraCSTR = [CODscral/VSo; @)

2

gscraCSTR = [CODscral/(VSo * HRT); 2)
The release of ammonia was determined by calculating its percentages based on final concentrations in the
liquid phase and initial substrate content, using the equation: N-NH4* release (%) = [N-NH4*]¢TKNo.

3. Results and discussion

The study involved six experimental runs, each featuring parallel reactors with HRTs of 4 and 8 days, selected
based on Tuci et al., (2022). The acclimation time for achieving steady SCFA production was short and
consistent across all tests, facilitated by the pH stability of around 7 maintained by the tannery sludge itself.
The pH regulation performed by tannery sludge has been well-established, demonstrating resilience due to the
substantial lime content introduced during both the tanning process and wastewater treatment, effectively
maintaining a neutral pH (Tuci et al., 2022). However, in the absence of zeolite addition in our experiments, a
notable deviation towards more alkaline values was observed. Notably, this shift was mitigated by the inclusion
of zeolites, except for run B4, which exhibited a pH deviation, likely attributable to the short retention time, which
didn’t allow the Chabazite to exert this buffering action. Namely, the pH values in RA4 changed from 7.0 + 0.2
to 7.5 £ 0.2, and in RA8 from 6.9 + 0.0 to 7.4 £ 0.0. Similarly, RB4 presented a shift from a pH of 7.2 £ 0.2 to
7.8 £ 0.1. In contrast, runs with clinoptilolite maintained a consistent pH value of 7.6 + 0.1 throughout the entire
test duration, as observed in RB8 as well. This pH regulatory phenomenon associated with zeolites has been
previously documented, with ion exchange capacity proposed as a contributing factor (Castellar et al., 1998).

Table 2: Main parameters of the six runs of acidogenic fermentation.

Parameter Unit RA4 RAS8 RB4 RB8 RC4 RC8
sCOD g/L 23.1+04 28205 19.4+0.2 22.1+0.3 20.4+04 23.0+0.2
CODscFa g/L 16.7+0.2 20.3+0.2 17.03+0.17 20.2+0.2 146+0.2 17.0%+0.1
CODscra/SCOD  g/g 0.72+0.01 0.72+0.01 0.87+0.01 0.92+0.01 0.71+£0.01 0.75+0.01
N-NH4+ release mgN- 48+1 % 46+1% 47+ 2% 55+2 % 63+2% 64x2%
NH4+/g
TKN

3.1 SCFA production in the semi-continuous tests

HRT strongly influenced SCFA production, with higher HRTs leading to increased SCFA values. Tests without
zeolite addition demonstrated higher productivity, surpassing mesophilic equivalents (Tuci et al., 2023),
highlighting the effectiveness of the mild thermal pretreatment as well, which is also confirmed by the high
sCOD. However, zeolite addition resulted in lower sCOD, as they absorbed a considerable portion of soluble
organic matter (OM) as reported in Table 2.

However, this positively impacted the efficiency of SCOD conversion into SCFAs, notably in runs with added
Chabazite converting over 90% of dissolved COD into SCFAs. This efficiency can be also attributed to biomass
immobilization by zeolite, enhancing process efficiency (Montalvo et al., 2012).

Zeolite addition also resulted in lower SCFA content as shown in Figure 1, attributed to zeolites' absorption
ability which has been shown to also include SCFAs (Tang et al., 2023), impacting parameters evaluating SCFA
production efficiency, such as yield and rate. These parameters remained consistent between zeolite-amended
runs and run A, primarily attributed to the heightened efficiency of the zeolite-amended runs related to the
immobilized biomass, while simultaneously the absorption of a percentage of SCFAs by the zeolites played a
counterbalancing role, diminishing their presence in the effluent.

Comparisons with literature data highlighted tannery sludge's higher profitability for SCFA production compared
to sewage sludge. For instance, yields for runs RA4, RB4, and RC4 were 0.33 + 0.01, 0.34 £ 0.01, and 0.29 +
0.01 g CODscra/(g VSo), respectively, and for runs RA8, RB8, and RC8 were 0.40 + 0.01, 0.40 £ 0.01, and 0.34
+ 0.01 g CODscral(g VSo), respectively. In contrast, Zhang et al. (2019) achieved yields of 0.19 and 0.17 g
CODscra/g VSo for thermally pretreated and raw sewage sludge, emphasizing tannery sludge's promise as a
substrate, with zeolites showing no significant influence on this parameter at the employed dosage.
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Overall, for what concerns SCFAs production zeolite addition did not manage to improve the reactors’
performances, as the highest productivity was obtained from RA8 (average of 20.3 + 0.2 gCOD/L), with the
exception of the sCOD conversion efficiency which showed a 20% improvement with Chabazite addition.

A) *RA4 #RB4 &RC4 B) RA8 ~RB8 #«RCS8

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (d) Time (d)

Figure 1: Trends of SCFA production in the three runs with HRT = 4 days (A) and with HRT = 8 days (B).

3.2 Ammonia release

In assessing ammonia concentration, steady periods revealed comparable levels between tests RA and RB for
both HRTs (1127 + 23 mg/L and 1098 + 45 mg/L for HRT 4, and 1078 + 33 mg/L, and 1291 + 45 mg/L for HRT
8, respectively). In contrast, RC demonstrated notably higher values of 1478 + 47 mg/L and 1518 + 47 mg/L for
RC4 and RCS8, respectively, equating to an ammonia release percentage exceeding 60% for test RC, in contrast
to approximately 55-45% for the other tests (Table 2). Tang et al. (2023) proposed that zeolite addition might
enhance the solubilization of organic matter, resulting in increased ammonia release in the liquid fraction,
explaining the higher ammonia concentration in RC.

Contrary to expectations based on existing literature, ammonia did not appear to be absorbed by the zeolites in
these tests, as its concentration remained consistent across all runs. This unexpected result, given the
documented effectiveness of zeolites in NHs4* absorption (Montalvo et al., 2012), may be attributed to the
substantial presence of cations, particularly calcium ions (Ca*) and sodium ions (Na*), in tannery sludge
originating from tanning processes and primary wastewater treatments. Past studies have indicated that these
ions play a significant role in cation exchange and decrease in the liquid medium after zeolite addition
(Rodriguez-lznaga et al., 2022). The interaction of these cations could potentially diminish the capacity for NH4*
absorption.

Notably, as RC presented a higher ammonia concentration than RB, it can be hypothesized that Clinoptilolite
was less effective than chabazite in absorbing ammonia, likely linked to its higher Si/Al molar ratio (4.3 compared
to Chabazite's 3.3). However, the zeolites' remarkable ability to absorb chromium, the interaction of cations,
along their observed absorption of the organic matter, contributing to reduced sCOD values, potentially
contributing to this outcome.

Overall, while zeolites enhanced organic matter solubilization and NH4* release, only Chabazite effectively
absorbed some released ammonia, whereas Clinoptilolite did not. Importantly, the observed NH4* concentration
did not hinder the fermentation process.

3.3 Chromium release

Chromium (Cr) presence in both pretreated sludge and reactor liquid fractions was assessed, focusing on Cr(lll)
as Chromium (VI) was not observed. Mild thermal pretreatment allowed for a high Cr release in the liquid
fraction, reaching 335 mg/L. The concentration trend showed an initial peak followed by a progressive decrease
for all tests.

As shown in Figure 2, both tests without zeolite (RA) show a similar behavior characterized by a steady decrease
in Cr concentration until they both reach a plateau achieving a 60% reduction.

In contrast, zeolite-containing tests showed continuous reduction until no Cr was detected in the liquid effluent.
This result was achieved with different velocities according to the HRT, with the lower HRT allowing for a quicker
Cr removal, as expected. Moreover, both run B and C showed a very consistent behavior between each other,
both exhibiting an impressive absorption capacity for Cr.

This capacity allows for the utilization of the SCFA-rich effluent without additional treatment for Cr removal,
emphasizing the effectiveness of zeolites in mitigating the presence of this toxic metal.
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Figure 2: Trends of Crin the liquid fraction in the six runs.

4. Conclusions

An exploration of SCFA production from thermally pretreated tannery sludge in CSTRs was performed, with a
specific focus on the impact of zeolite addition. Notably, zeolite addition did not reduce ammonia concentration,
as RA and RB displayed uniformity, while RC exhibited increased ammonia release. Conversely, runs with
zeolites exhibited consistent differences in sCOD values, showcasing zeolites' efficacy in organic matter
absorption and contributing to lower sCOD values. SCFA production reached its peak in tests without zeolite
addition, particularly at higher HRT, reaching a mean value of 20.3 gCODIL, corresponding to an acidification
yield of 0.4 g CODscra/g VSo. Additionally, Chabazite addition substantially improved acidification efficiency,
achieving a SCFA to sCOD ratio of 0.92 COD/COD.

Zeolites demonstrated a notable ability to absorb chromium from the fermentation broth, achieving complete
removal over time, while tests without zeolites only achieved a 60% reduction in Cr concentration.

These findings provide valuable insights for optimizing SCFA production from tannery sludge and underscore
the potential of zeolites in heavy metal removal within waste treatment processes. Further research is needed
to investigate microbial dynamics and substrate interactions.
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