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ABSTRACT

This study evaluated the treatment of wastewater from coffee wet processing (WCWP) in
an anaerobic treatment system at a laboratory scale. The system included an
acidification/equalization tank (AET), a heat exchanger, an Upflow Anaerobic Sludge Blanket
Reactor (UASB), a gas equalization device and a gas meter. The minimum and maximum
flow rates and volumetric organic loadings rate (VOLR) were 0.004 to 0.037 m®d™* and 0.14
to 20.29 kgCOD m™d™, respectively. The kinetic parameters measured during the anaerobic
biodegradation of the WCWP, with a minimal concentration of phenolic compounds of
50 mg L%, were: Y = 0.37 mgTVS (MgCOD emoved) ”, Ky = 0.0075 d?, Ks = 1.504mg L™,
umax = 0.2 d™%. The profile of sludge in the reactor showed total solids (TS) values from 22,296
to 55,895 mg L™ and TVS 11,853 to 41,509 mg L™, demonstrating a gradual increase of
biomass in the reactor during the treatment, even in the presence of phenolic compounds in
the concentration already mentioned.

Keywords: agro-industrial waste, bacterial kinetics, pollution control, rural sanitation.

Parametros cinéticos de crescimento da biomassa em reator UASB
tratando agua residuaria do café (ARC) processado por via Umida

RESUMO

O presente estudo avaliou o tratamento das aguas residuarias do processamento por via
umida do café (ARC) em sistema de tratamento anaerobio em escala de laboratorio. O sistema
utilizado foi composto de um tanque de acidificagéo e equalizagcdo (TAE), um trocador de
calor, um reator anaerébio de manta de lodo e fluxo ascendente (UASB), um equalizador de
pressdo e um gasdémetro. Os valores de vazdo minimos e maximos foram: 0,004 a
0,037m*d™ e os valores da carga organica volumétrica (COV) foram 0,14 a
20,29 kgCOD m™ d, respectivamente. Os parametros cinéticos encontrados durante a
biodegradacdo anaerébia da ARC com concentragdo minima de compostos fenolicos de
50 mg L™, foram: Y = 0,37 mgSTV (mgCODremoved)™*; K¢= 0,0075 d*; Ks =1.504 mg L e
Hmax = 0,2 d™. O perfil de lodo no reator apresentou valores ST de 22.296 a 55.895 mg L™ e
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de STV de 11.853 a 41.509 mg L™, demonstrando o crescimento gradativo da biomassa no
reator durante o tratamento, mesmo na presenca de compostos fendlicos na concentracdo
anteriormente mencionada.

Palavras-chave: cinética bacteriana, controle de poluicdo, residuo agroindustrial, saneamento rural.

1. INTRODUCTION

Coffee is one of the most important products of Brazil because of the enormous income it
generates. The quality of the coffee bean determines its value and the resulting market price
as well as its acceptance international trade. In turn, this quality is determined by inherent
characteristics of the fruit, such as color, appearance, number of defects, aroma and taste
(Borém, 2008).

The coffee bean can be processed by dry or humid methodology. The wet processing of
the coffee Cherry uses water to wash, separate and remove the rind (exocarp) and mucilage
(mesocarp). This increases the amount coffee rind waste as well as the amount of mucilage
removed (Borém, 2008). Post-harvest processing of coffee by the wet method generates solid
waste and liquid effluents in significant quantities, and with a high potential for pollution. The
residual liquid is called “wastewater from wet coffee processing” or “WCWP”.

Campos et al. (2010) analyzed several fresh samples of WCWP and characterized their
physico-chemical and biochemical composition in terms of their potential as polluters and
their environmental quality. The authors showed that the WCWP is rich in sugars, protein,
starch, pectin, soluble oils and greases which result in high concentrations of COD, BODs>° ",
solids, nitrogen, total phosphorus and phenolic compounds. The high concentrations found
characterized the WCWP as a high-potential polluter liquid that cannot be discharged
untreated.

Based upon the result of such analyses and the high potential for pollution, several
processes for WCWP treatment have been studied with the purpose of removing organic
matter. Jung et al. (2012) and Campos et al. (2013) stated that the liquid has high
concentration of carbohydrates and may therefore be used for bio-energy production in an
anaerobic process.

Jung et al. (2012) used UASB reactors in two stages to treat WCWP for the production of
methane and hydrogen. The first UASB reactor was used for hydrogen production, and was
operated in thermophilic condition with hydraulic detention time varying from 6 to 10 hours.
The WCWP had a carbohydrate concentration of 20 g L™ and peak productions of hydrogen
of 424 L of H, L™ h" * and 2.57 mol H, per mol of hexose removed. The second UASB
reactor was used to produce methane and operated in mesophilic condition with hydraulic
detention times varying from 6 to 10 hours with OLR of 3.5 gCOD L™ d™. The first reactor
effluent as WCWP obtained a maximum production of methane of 325 mLCH, gCOD
removed and 93% of COD removal. Campos et al. (2013) using a UASB reactor to treat
WCWP concluded that the percentage of methane in the biogas ranged from 48.60 to 68.14%,
the superior and inferior calorific value was 25,654 kJ m and 23,777 kJ m, respectively, and
the Wobbe number was 7,851 kcal m™, resulting in their interchangeability with natural gas.

Due to the large energy potential of WCWP, many studies have been performed aiming
to achieve anaerobic processes that are highly efficient in removing pollutants and
synergistically consistent with the production of bio-energy. According to Ramakrishnan and
Surampalli (2012) and Fia et al. (2012) the phenolic compounds are inhibitors of concern in
the biological process and can negatively intervene in the anaerobic process performance
during the treatment of WCWP. In addition, it is necessary to know both the performance of
the reactor under various load conditions and the biomass growth kinetic parameters that
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govern the anaerobic process in order to accurately predict the bioenergy production and
optimize the process to obtain maximum efficiency conditions.

This work therefore evaluated the performance of a UASB reactor operating under
conditions of progressive increase of organic loads during treatment of WCWP and
determined the kinetic parameters of anaerobic biomass growth.

2. MATERIAL AND METHODS

2.1. Experimental apparatus

The experiment was performed at the Laboratory of Water Analysis of the Engineering
Department (LWAED), at the Federal University of Lavras (FUL). The system consisted of a
acidification and equalization tank (AET), an Upflow Anaerobic Sludge Blanket Reactor
(UASB), a gas equalization device (GED), a gas meter (GM), two membrane pumps
(PROMINET), and a thermostatic controlled heating system. The AET was a 45 liter
polyethylene container which contained a positive displacement pump, Prominent brand,
Model Gala 1602 Gamma-LM70, with a maximum pressure 10 bar and maximum flow of
2.1 L h™, used to pump the WCWP to UASB reactor at constant flow. The UASB reactor, the
GED and the GM have been constructed with glass 3 mm thick, with volumes of 12.5 L,
2.6 L, and 16.8 L, respectively. The three-phase separator (TPS) of the UASB reactor was
also built of glass and had a pyramidal shape. Pipes in the heating system and in the UASB
had a coating of polystyrene thermal insulation. The GED was used for maintaining the level
of biogas within the TPS. The heating system worked as a heat exchanger using a coiled
copper pipe and had a thermostat for temperature regulation. The WCWP system was fed in
batches in the AET and the effluent was subsequently pumped to the UASB reactor. The
biogas produced in the UASB reactor passed through the TPS, through the gas equalization
device (GED) and then through a gas meter using water-displacement in order to measure and
accumulate.

2.2. Starting up and monitoring the system

The WCWP used in the experiment was provided by the experimental farm of the
agricultural-livestock research company of Minas Gerais (EPAMIG). Due to seasonal
production, the WCWP was generated only during 3 months. Since the experiment was
conducted over seven months, the WCWP was collected and stored refrigerated in 50 L
containers. Fresh samples were collected and analyzed concerning COD and pH. Due to high
concentration of COD, it was necessary to dilute the WCWP to operate the system with the
desired loads. Due to the low pH value, it was necessary to adjust the pH of WCWP after
dilution to achieve the range of neutrality (6.8 < pH < 7.2) using sodium hydroxide solution
with title 10 (10% NaOH). The WCWP was prepared (diluted and pH adjusted) and placed in
the AET and pumped to the UASB reactor. During the seven months of the experiment the
UASB reactor was organicly loaded 6 times; each load represented a period (I to VI) as
shown in Table 1.

Each period’s changes were made with the progressive increase of the VOLR, and just
when the UASB efficiency reached steady-state, in accordance with the concept established
by Metcalf and Eddy (2003). The operational parameters such as hydraulic retention time
(HRT), volumetric organic loading rate (VOLR), hydraulic loading rate (HLR), and biological
organic loading rate (BOLR) were calculated using the equations described in Metcalf and
Eddy (2003). The UASB reactor was inoculated with 5.19 L of biomass from the anaerobic
treatment of wastewater from pig farming with an STV concentration of 12,774 mg L™,
totaling 0.6 kg of biomass inside the reactor which provided a BOLR for start-up of about
0.02 kg BOD kgSTV™ d*. Throughout each period, the WCWP in natura and WCWP
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prepared were analyzed according to the procedures outlined in Table 2. Physical-chemical
analyses were performed at three points of the system: influent of the AET (I-AET), effluent
of the AET (E-AET), which represents the influent do UASB (I-UASB) and the effluent of
the UASB (E-UASB). The analysis, methodologies and their frequencies are shown in
Table 2.

Table 1. Volumetric organic loading rates and operating conditions in the UASB for each studied
period.

pH of COD of WCWP

period PUCWP  natra (mgo,L ) WOWP prepared | QULE)  uc0p meay
| 4.70 64467 7.09 658.3 4.872 0.26
1 4.08 15867 6.99 1077.0 9.912 0.81
Il 4.36 14667 7.11 19014 9.816 1.50
v 4.43 11767 6.87 2353.3 14.520 2.80
\Y 5.17 19594 7.02 2689.7 19.872 4.20
Vi 4.67 20367 6.80 5624.8 31.008 15.26

Obs.: COD of WCWP: fresh COD in natura WCWP total collected after processing the coffee EPAMIG. COD of
WCWP prepared: COD total obtained after dilution of WCWP in natura and neutralization. Q: flow applied to the
ballast UASB in each period. VOLR: volumetric organic load applied to the UASB reactor in each period using
the WCWP prepared.

Table 2. Parameters analyzed in the WCWP, frequency and methodologies used.

Physical-chemical parameters Frequency References
pH daily APHA et al. (2005)
Total Alkalinity (TA), Partial (PA) and Intermediate (1A) 3 x week Ripley et al. (1986)
Total chemical oxygen demand (COD) 3 x week APHA et al. (2005)
Total biochemical oxygen demand (BODs>") weekly '&ZE’S‘ d%tlégy(ZOOS). Wincley
Total solids (TS) and volatile solids (TVS) 3 X week APHA et al. (2005)
Total Kjeldahl nitrogen (TKN) 2 X month APHA et al. (2005)
Total phosphorus (P) 2 X month APHA et al. (2005)
Total acidity (T Ac) 3 x week APHA et al. (2005)
Ele_ct_rical conductivity (EC), total dissolved solids (TDS) e daily Electrical conductivity meter
salinity (SA) (EC meter)
Phenolic compounds (PC) 2 x month i%%clgcroopl_r&(:;o(r?sgesr); Institute
Temperature ( T°C) daily Mercury Thermometer

The kinetic parameters of biomass growth as: Y (coefficient of biomass production in
terms of mg TVS mgCODemoved *), K$ (saturation constant in terms of COD in mg L™), Kq
(endogenous respiration coefficient in terms of d™), pmax (Maximum specific growth rate in
terms of d™); 6c¢ (cell retention time or age of biomass in terms of days) and k (specific rate of
substrate utilization by biomass in terms of mg COD removed mgTVS'1 d'l), were determined
according to the calculation described in Bhunia and Ghangrekar (2008), and Pereira (2014).
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3. RESULTS AND DISCUSSION

3.1. Initial characterization of the WCWP in natura

Table 3 presents the physico-chemical properties of coarse WCWP. Very high
concentrations of phenolic compounds reaching up to 1,284 mg L™ may be observed. In order
to evaluate the susceptibility of the WCWP to biological treatment, biodegradability tests
were performed using the values of COD and BODs™“ presented. The relationship
COD/BODs*"® provides information on the biodegradability of the dump and the treatment
process to be employed. Low relations indicate that the biodegradable fraction is high and that
biological treatment is most appropriate. High ratios show that the inert fraction
(non-biodegradable) is high and that chemical treatment is indicated. Campos et al. (2002),
treating wastewater of cherry coffee in a identical system, found an average ratio of
2.1 COD/BODs™“ observing good biodegradability. The average ratio found for the
WCWP in this work was nearly the same, about 1.82, which is considered low, indicating that
the biodegradable fraction of WCWP is high and that biological treatment was more
appropriate.

Table 3. Characterization of 6 batches of coarse WCWP collected at WCWP EPAMIG.

WCWP  pH  EC(dSm?) (%2) (mggz [|)_'1) (?n‘;gjoﬁ) T(C) Pheno'(irzgoﬂ';’ounds
WCWP1 470 5.7 3.1 64,467 37600 252 e
WCWP2 4,08 6.2 3.3 15,867 9,800 275 1284
WCWP3 436 3.9 2.0 14,667 9,200 307 693
WCWP4 443 3.6 1.8 11,767 8489 284 519
WCWP5 517 5.5 2.9 19,594 7616 201 1063
WCWP 6  4.67 5.3 2.8 20,367 9,950 2438 1212

3.2. Performance of UASB reactor in treatment of WCWP
The Table 4 shows the concentrations of phenolic compounds after each treatment.

Table 4. Concentration of phenolic compounds throughout the system, operational parameters
submitted to UASB reactor and removal efficiency of phenolic compounds in the liquid medium in
each period.

Operational parameters and removal of phenolic

Concentration of phenolic compounds in the liquid compounds from liguid medium in the UASB

throughout the system (mg L™)

reactor
. VOLR
Period I-AET I-UASB E-UASB HRT (h) (kgCOD m™® d*) Removal (%)
I 44.42 50.54 24.60 62.2 0.26 51.32
I 69.40 81.41 33.94 30.5 0.81 58.31
" 106.89 73.74 50.42 30.7 1.50 31.62
v 150.05 84.55 77.37 20.9 2.80 8.50
Y 114.18 158.86 104.56 15.2 4.20 34.18
VI 348.74 381.80 128.84 9.9 15.26 66.25
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Analyzing the influent concentrations of the AET, it is observed that the increase of COD
concentration also increased the VOLR synergistically and caused a progressive concentration
of phenolic compounds applied to the UASB reactor. This demonstrates that the UASB
reactor operated with organic load shocks in terms of COD and phenolic compounds
(Table 4). The same table shows the concentrations of phenolic compounds of WCWP
prepared throughout the treatment system decreasing in all periods studied, indicating the
removal of phenolic compounds from liquid medium.

Ramakrishnan and Surampalli (2012) studied the removal of phenolic compounds in
UASB reactors and Anaerobic Hybrid Reactors (AHR) operating under conditions of organic
shocks. The authors observed that the progressive increase of VOLR of 1.02 to
1.58 gCOD m™ d™* synergistically with reducing the HRT from 1.5 d to 0, 33 d, provoked a
drop in efficiency of removal of phenolic compounds from 99% to 77% in the AHR and from
95% to 68% in the UASB reactor, respectively. The authors concluded that the AHR
performed better than the UASB reactor due to the presence of plastic brackets in its interior,
which prevented the sweep of the biomass. However, the decrease in HRT negatively affected
the efficiency of the process in terms of the removal of phenolic compounds due to the toxic
effect.

Table 4 shows that the same phenomenon was observed in the UASB reactor, because
the decrease in HRT from 62,2 h to 15.2 h caused a drop in efficiency of removal of phenolic
compounds of 51.32% to 34.18%, a phenomenon similar to that observed by Ramakrishnan
and Surampalli (2012). However, while decreasing the HRT from 15.2 h to 9.9 h, an increase
in the efficiency of phenolic compounds removal from 34.18% to 66.25% occurred, indicating
a probable adaptation of biomass to the inhibitor compound, decreasing the toxic effect on it,
as described by Zeeuw (1984), Speece (1996) and Chen et al. (2008).

According to Chen et al. (2008) other factors besides the phenolic compounds may
interfere in the inhibition of the anaerobic process, such as COD: N: P, pH, temperature and
buffering conditions. Based on the factors mentioned, it was possible to control the pH value
(Table 1) and influent temperature of UASB. These were, respectively, kept within the range
of neutrality (6.8-7.2) and within the range mesophilic temperature (approx. 30°C) using
thermostatic control heating. However, due to dilution of WCWP in natura for preparation of
the influent of the UASB reactor, it has not been possible to maintain a constant relationship
of COD: N: P; this varied throughout the experiment. The ratio of COD: N: P related to each
period can be seen in Table 5.

Table 5. The values for COD: N: P in
UASB reactor in each studied period.

Period COD:N:P
I 17:0.68:1
I 8:0.25:1
" 15:0.12:1
v 12:0.10:1
\% 11:0.08:1
VI 35:0.09:1

According to Chernicharo (2007), the ideal ratio for COD: N: P in the degradation of
carbohydrates is 350:5:1. Low values for COD and nitrogen in the relationship will cause
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variations in methane production in the process. According to Pereira et al. (2010), when the
concentration of carbon is higher than nitrogen, the nitrogen compounds are used first and
anaerobic digestion slows. If the carbon concentration is lower than nitrogen, carbon is totally
consumed and digestion ceases.

In Table 6 presents the values of concentrations of organic matter in terms of solids
(TS and TVS), COD+ and BODs**® throughout the treatment system for each studied period
and the values of UASB reactor efficiency for both parameters, in each period.

Table 6. Concentration of organic matter in terms of solids, COD+ e BODs** ;1 in the WCWP throughout the
system and removal efficiency in the UASB reactor for each period.

_ I-EAT (mg LY I-UASB (mg L™) E-UASB (mg L™) Removal efficiency
Pertod TS TVS TS TVS TS TVS TS (%) TVS (%)

| 121731  767.66 1041.87 610.81 753.82 319.72 27.65 47.66

I 2285.33  1506.67 1805.00  1113.18 967.01 385.53 46.43 65.37

1 3634.62 2512.08 324057  1537.83 2147.64 917.26 33.73 40.35

IV 3837.93 2896.69 2519.68  1669.17 1408.57 730.45 44.10 56.24

\Y 5295.83  4155.83 758250  6158.33 1998.33 966.67 73.65 84.30

Vi 5822.2  4087.41 9357.41  6918.52 3517.22 1622.04 62.41 76.56

Concentration of I_?IOD52°°°T Concentration plf COD+ Removal efficiency

Period (mgO, L™) (mgO, L™)
I-EAT  I-UASB E-UASB I-AET I-UASB E-UASB BODs*C (%) COD (%)

| 4053 379.3 52.8 727.0 658.3 173.1 86.1 73.7

Il 1049.0 611.7  164.3 1469.3 1077.0 194.4 73.1 81.9

I 1341.0 11625  263.4 2696.7 1901.4 545.3 773 71.3

IV 1884.0 1399.9  239.9 3493.9 2353.3 557.4 82.9 76.3

V  1800.3 1524.8  378.5 3630.1 2689.7 654.7 75.2 75.7

VI 34147 3689.7  1004.8 5918.8 5624.8 1420.5 72.8 74.7

Selvamurugan et al. (2010) evaluated an anaerobic hybrid reactor (AHR) in the treatment
of WCWP with the aim of removing organic matter in terms of solids, CODt and BODs>"" .
The reactor operated under a progressive increase of VOLR and decreasing HDT as
performed in this study. The authors submitted the AHR to HRT values of 24, 18, 12 and 6 h
with VOLR of 7.01; 9.55; 14.23 and 28.41 kg COD+ m™ d* obtaining for each condition the
removal of 70%, 61%, 52% and 46% in terms of COD~; 71%, 66%, 59% and 54% in terms of
BODs?%"“ and 64%, 58%, 49% and 42% in terms of TS, respectively.

Fia et al. (2012) described the removal of organic matter of WCWP in three fixed bed
reactors filled with different media and operated under progressive increase of organic load.
Reactor 1 was filled with slag of blast furnace cinders and operated with values of HRT 1.19;
1.54; 1.54 d, and VOLR values of 0.81; 1.57; 3.17 kg COD m™ d™, respectively. The response
for each operating condition was 47%, 61% and 64% for COD removal efficiency and 20%,
49% and 47% for removal efficiency of TVS, respectively. Reactor 2 was filled with
polyurethane foam and operated with values of TDH: 1.07; 1.03; 1.06 days, and VOLR values
of 0.98; 2.4; 4.41 kgCOD+ m™ d*, respectively. The response for each operating condition
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was 58%, 73% and 80% for COD removal efficiency and 24, 57 and 60% for removal
efficiency of TVS, respectively. Reactor 3 was filled with gravel (crushed stone) and operated
with values of HRT 1.26; 1.58; 151 days, and VOLR values of 0.81; 1.67;
3.35 kgCOD+ m? d™, respectively. The response for each operating condition was 42, 54 and
72% for efficiency of COD removal and 26, 46 and 55% for removal efficiency of TVS,
respectively.

Tables 7, 8 and 9 present the values of pH, relative to Ripley (IA/PA) and concentrations
of total acidity (TVA), total alkalinity (TA), partial alkalinity (PA), intermediate-alkalinity
(1A), total phosphorus (TP) and total nitrogen Kjeldahl (TKN).

Table 7. Characterization of the AET influent.

Parameters

Period pH TVA PA 1A TA 1A/PA TP TKN
| 7.09 48.31 146.61 194.65 341.26 1.8 66.33 30.43

11 6.99 61.43 96.03 231.01 327.04 2.5 198.17 24.66
1 7.11 105.95 227.86 549.25 777.11 2.9 427.67 12.23
AV 6.87 155.69 312.08 501.54 813.62 1.7 722.17 21.13
\Y 7.02 137.45 227.59 603.23 830.82 2.8 116.5 18.41
VI 6.73 192.19 283.39 794.33 1077.72 2.9 181.33 29.09

Note: TVA — Total acidity (mgHCOOH L™); PA — Partial alkalinity (mgCaCO; L™); IA — Intermediate
alkalinity (mgCaCO3; L); TA - Total alkalinity (mgCaCO; L); TP - Total phosphorus (mgP L™); TKN -
Total Kjeldahl Nitrogen (mgN L™).

Table 8. Characterization of UASB influent.

Parameters
Period pH TVA PA 1A TA IA/PA TP TKN
| 7.02 40.9 156.5 193.1 349.6 1.7 38.0 25.68
I 7.08 40.6 150.8 283.4 434.2 24 141.0 35.51
i 6.83 103.0 241.7 514.7 756.3 2.5 129.7 15.37
v 6.93 118.0 431.3 485.9 917.2 1.3 186.2 19.27
\YJ 6.3 101.8 175.3 576.9 752.2 3.6 128.0 18.43
VI 6.5 168.4 340.1 917.4 1257.4 2.7 162.5 14.52

Note: TVA — Total acidity (mgHCOOH L™); PA — Partial alkalinity (mgCaCO; L™); IA — Intermediate
alkalinity (mgCaCO; L'1); TA - Total alkalinity (mgCaCO; L); TP - Total phosphorus (mgP L); TKN - Total
Kjeldahl Nitrogen (mgN L-1).

Values of pH below 6.0 can inhibit the activity of methanogenic archea, negatively
affecting the production of methane. Therefore, in order to maintain the UASB methanogenic
conditions in periods of sharp decline in pH due to high acidity, the medium was buffered
using the NaOH solution in the influent (Chen et al., 2008).

Bruno and Oliveira (2013) using a UASB reactor to treat WCWP, evaluated the behavior
of the pH and TVA concentrations and TA influent and effluent in a UASB reactor operating
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as the first stage in two operational conditions. In the first condition, the WCWP had pH
values and concentrations of TVA and TA influent of 6.9; 960 mg HCOOH L™ and
730 mgCaCOs L, respectively.

Table 9. Characterization of UASB effluent.

Parameters
Period pH TVA PA 1A TA 1A/PA TP TKN
| 7.27 46.31 281.12 174.68 455.81 0.7 32.50 23.37
11 7.19 34.66 349.69 172.32 522.01 0.5 55.67 23.22
1 7.26 74.71 661.09 320.73 981.83 0.5 144.17 16.24
AV 7.34 76.36 752.16 321.04 1073.2 0.4 156.83 22.64
\Y 6.97 50.18 460.89 315.44 776.34 0.7 122.67 18.08
VI 7.34 49.39 1048.76 366.39 1415.15 0.4 118.00 12.58

Note: TVA — Total acidity (mgHCOOH L™); PA — Partial alkalinity (mgCaCO; L™); 1A — Intermediate
alkalinity (mgCaCOs L); TA - Total alkalinity (mgCaCO; L1); TP - Total phosphorus (mgP L); TKN - Total
Kjeldahl Nitrogen (mgN L™).

The reactor underwent a VOLR of 2.26 CODr m™® d™ and HRT of 6.2 d getting values of
pH and concentrations of TVA and TA effluent of 7.5; 103 mg HCOOH L* and
2310 mgCaCOs L™, respectively, and 91% COD removal, stable generation of TA and stable
consumption TVA. In the second condition, the WCWP presented values of pH and
concentrations of TVA and TA influent of 7.1; 1050 mg HCOOH L™ and 1088 mgCaCOs L™,
respectively.

The reactor underwent a VOLR of 4.53 kg CODy m™ d* keeping the HRT to 6.2 d
getting values of pH and concentrations of TVA and TA effluent of 7.2;
1688 mg HCOOH L™ and 2351 mgCaCOs L™, respectively, and 84% of COD removal, with
unstable generation of TA and TVA.

Analyzing tables 8 and 9, it may be concluded that there was TA generation and
consumption of TVA in the UASB reactor during the periods studied, even under progressive
increase of VOLR (Table 1). It is therefore possible to conclude that the values of TA and
TVA present in WCWP at each period (Table 8) were enough to keep the liquid medium
buffered as seen by Bruno and Oliveira (2013). However, even constantly increasing the
VOLR, alkalinity generation and consumption in the UASB reactor TVA was stable,
operating with values approximately 4 times greater than those obtained by Bruno and
Oliveira (2013) in the second condition.

The values for COD removal efficiency (Table 7) were probably different due to the low
values of HRT used in this work in relation to those studied by Bruno and Oliveira (2013).

The ratio IA/PA in UASB (Table 9) proved to be far different from the value 0.3 quoted
by Ripley et al. (1986). In I-UASB (Table 8), 1A, which is attributed to the volatile acids, was
greater than the PA, which is a result of bicarbonates. In E-UASB (Table 9), PA was higher
than the IA. Due to this fact, we obtained pH values higher in the influent than in the effluent
of the UASB reactor.

Higher removal of phosphorus can be observed in AET (tables 7 and 8), probably due to
more intense activity of the hydrolytic and acidogenic bacteria present in AET than due to the
biomass of the UASB (Motteran et al., 2013). With respect to the entire system, the results
can be considered good, because the average reference of phosphorus removal in secondary
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treatment is about 25% (Metcalf e Eddy, 2003). The nitrogen values were shown to be close
throughout the experiment (Tables 7, 8 and 9). Low levels of nitrogen contribute to the
depression of alkalinity in the medium, because of the formation of ammonium bicarbonate,
which is partly responsible for alkalinity (Pereira et al., 2013).

During the experiment, each period of growth was monitored by analyzing the volatile
solids sludge (TVS). The correlation coefficient for TS / TFS was 0.514 and for TS / TVS,
was 0.966, indicating that the increase of TS is more due to the increase of TVS than the TFS.
The increase of the solids throughout the experiment (Table 10), the fraction of TVS, shows
the growth of biomass in the reactor; this fact is extremely important to the process of
anaerobic digestion in order to produce biogas. TS values above 40 000 mg L™ are considered
ideal for wastewater treatment, according to Chernicharo (2007). In the treatment of WCWP,
the TS reached this value after period V. Comparing tables 4 and 10, it is noted that increasing
the concentration of TVS tends to increase the removal of phenolic compounds, showing a
more acclimatized biomass. The variations observed are related to changes concerning flows
and consequently loads, causing a washing-out of solids from the reactor biomass.

Table 10. Total concentration of solids (g L™) in the
UASB reactor biomass obtained at the end of each
period during the steady state condition.

Period TS TFS TVS
I 25.605 12.279 13.327
Il 26.669 11.312 15.356
Il 40.446 18.944 21.502
v 26.729 10.646 16.083
\Y 48.927 14.952 33.975
VI 50.021 12.863 37.157

Silva et al. (2011a) studied two concentric UASB reactors working in series, on a pilot
scale, treating WCWP. The system was operated under a progressive increase of organic load
with HRT values varying from 10.56 to 22.35 h, causing an endogenous condition by the low
concentration of organic matter and high concentration of phenolic compounds. The authors
concluded that in terms of TVS a biomass concentration between 3060 and 4730 mg TVS L™
was active with apparent ~methanogenic activity ranging from 0.01 to
0.02 m* CH, kgTVS™ d™*. The biomass observed under scanning electron microscopy (SEM)
analysis presented little morphological diversity with the predominance of coconuts and
methanogenic archaea observed using epi-fluorescence microscopy.

Silva et al. (2011b) and Silva et al. (2013) evaluated a pilot-scale hybrid anaerobic
reactor (HAR) treating WCWP operating under progressive increase of organic load (VOLR)
ranging from 0.15 to 0.75 kg COD m™ d™ with values of HRT varying from 12 to 24 h, also
under an endogenous condition. The authors used scanning electron microscopy analysis and
epi-fluorescence microscopy to observe an active biomass concentration of TVS varying from
3060 and 4730 mg TVS L, varied morphology and presence of methanogenic archaea.

Based on the results of minimum concentrations of TVS for maintenance of biological
activity presented by Silva et al. (2011a), Silva et al. (2011b) and Silva et al. (2013), it can be
concluded that the biomass of the UASB reactor studied was biologically active in all periods.
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In addition, the increase in concentration of TVS showed that the biomass grew even under
organic shocks and a high concentration of phenolic compounds, as shown in Table 4.

The biological growth was determined through the analysis of Kinetic parameters
described in item 3.2.

3.3. Kinetics of growth and decay

The Volumetric Organic Loading Rate (VOLR) presented above the recommended
maximum value for domestic wastewater, which is 15kg COD m=d™, and above the values of
the treatment of WCWP obtained by Campos et al. (2002), which were 0.17 to
0.31kg COD m™ d, demonstrating the capacity of the UASB to withstand high organic and
hydraulic loadings (Table 11).

Table 11. Flow, HLR and VOLR in the periods.

Q Q HLR VOLR VOLR

Period (L hY) (m®d) (M® m-2d-1) (kgBOD"°mPd?)  (kgCOD m°d™)
| 0.203 0.0049 0.3858 0.14 0.26
I 0.413 0.0099 0.7869 0.41 0.81
I 0.409 0.0098 0.7818 0.69 150
v 0.605 0.0145 1.1483 157 2.80
v 0.828 0.0199 15789 229 420
VI 1292 0.0310 24242 711 15.26

The TVS in the reactor, obtained through analysis of the profile of the sludge, showed
values from 18 257 to 23 852 mg L™. It was observed that, except in the period IV, increasing
the Biological Organic Loading Rate (BOLR) increased the concentration of TVS. The
average values of the parameters TS, TVS and BOLR in the reactor during the periods, are
shown in Table 12.

Table 12. Concentration of TVS and values BOLR in periods I through V1.

Period TS . TVS»1 BOLR L %QLR Lo
(mg L) (mg L™) (kg COD kg TVS™d™) (kg BODs™ ~ kgTVS™d™)
I 25,605 13,326 0.05 0.03
I 26,669 15,356 0.13 0.07
" 40,446 21,502 0.17 0.08
v 30,554 19,939 0.34 0.19
Vv 47,360 33,069 0.33 0.18
Vi 50,021 37,157 1.06 0.49
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The kinetic parameters were determined for quantification of the coefficients Y, Kg, Ks
and pmax Using the average values found in the six periods studied.

To construct the model, we used the average values presented in Tables 9 and 10. Using
Table 13, linear regressions were performed to construct the graph shown in Figure 1, and
after generating the linear model y = ax + b, the values of the parameters Y and Ky were
obtained. The equation for a=2.722 b=0.0205, resulted in Y = 037 mg TVS
(Mg COD removed) * and K¢=0.0075 d™.

Table 13. Data used for calculating the kinetic parameters: Y and K.

Period  HRT (h) Vr (L) (L%.l) (mé:f_-l) (mgCL-l) (CO—C()DI:(r*V o 0c()
| 62.2 52 4872 658.3 173.1 0.01513 100.2652
I 305 52 9912 1077.0 194.4 0.04860 47.0962
I 30.7 52 9816 1901.4 545.3 0.05282 27.9885
W, 20.9 52 1452 2353.3 557.4 0.11158 22,0330
v 15.2 52 19872 26897 654.7 0.10434 20.1757
Vi 9.9 52 31008 56248 14205 0.29936 8.6583

Legend: C, — COD influent; C — COD effluent; Xr - TVS of biomass; Vr — reactor volume; 0¢ - cell retention
time.
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Figure 1. Graph to obtain the parameters Y and Kg.

Using the Table 14, linear regressions were performed to construct the graph shown in
Figure 2, after which the linear model y = ax + b was generated. The values of parameters Ks

and pmax Were obtained through the following calculation: a = u:lzx eb= ﬁ The equation
resulted in a = 7681.5 and b = 5.1085, K = 1504 mg L™ and pmay = 0.2 d™.
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Table 14. Survey of kinetic parameters Ks and pyax-

Period 0c (d) 1/ 0c 1/C 1/(1/0¢ +Ky)
| 100.265 0.0099 0.205 57.1272
| 47.096 0.0212 0.100 34.7652
1l 27.988 0.0350 0.101 23.1159
\Y 22.033 0.0453 0.068 18.8972
Vv 20.176 0.0495 0.050 17.5144
VI 8.658 0.1154 0.032 8.1283

Legend: C — COD effluent; 0¢ - cell retention time; Kg4: endogenous coefficient (decay).
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Figure 2. Graph to obtain the kinetic coeficients: Ks and Hmax.

Using the values of Y and pmax presented in tables 13 and 14, it was possible to
determine the specific rate of substrate utilization by biomass
k: 054 mgCODremoved mgTVSl d-l

4. CONCLUSIONS

Under a gradual increase of loading rates, the UASB reactor has shown a high efficiency
in removing phenolic compounds and organic matter during the treatment of WCWP, even
while operating with high values of VOLR, above those recommended by the literature.

The kinetic parameters found during the anaerobic biodegradation of phenolic
compounds with minimal concentration of 50 mg L™, were: Y= 0.37mgTVS
(MYCOD removed)’, Kg = 0.0075 d?, Ky = 1504 mg L% pmax = 0.2 d* and
k = 0.54 mgCODyemoves MgTVS™ d™, demonstrating that the saturation constant (Ks) is quite
high due to the presence of phenols, showing little affinity between the substrate (WCWP)
and the micro-organisms responsible for biological degradation.
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