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DESIGN FOR NITROGEN REMOVA
ASTE

FROM TANNER Y UNHAJRING W

Curtis Penzer, Chomica) Engineer
Easicrn Regional Research Center

Agricultural Rescarch, Science, and Education Administ;ation
U.S. Department of Agriculture
Philadelphia, Pennsy Ivania 19118

BACKGROUND AND METHODS
The production of tunned Jeather from caitle hide requires a comyplex series of wet

chemical processing steps which yield an equally complex series of high Josd efflicats
(Table I). In the Engincering 2nd Developinent Laboratory, ERRC, we believe that {he

Table L. Chrome Tannery Effluent Stream Loads |4].

Flow ROD
Effluent Stieam (%) (%) =
Soaking 11.8 17.7
Unheiring ' ' 11.8 58.9
Liming : : 235 11.8
Bating 14.1 1.0 .
Chrome Tanning 3.5 4.7 -
Retan, Coloring and Fat Ligquoring 23.5 2.4 .
Finishing 11.8 3.5
Total 100.0 100.0

best prospects for effective treatment of these effluents lie in the following steps:

(a) physical-chemical pretreatment of segregated high Joad waste streams followed by
(b) the pooling and biclogical treatment of the chrome-free streams not suitable for
reuse. We have, therefore, developed a physical-chemical (P/C) preireatment for lime-
sulfide unhairing effluent—clearly the most concentrated of the effluent sireams [1].
This P/C-treated effluent has served as the substrate in our investigations into deniirifi-
cation, the subject of this chapter. : )

Table II shows the preximate composition of the unhairing waste as received from
Ocean Leather Company (Newark, NJ) and the effluent from our physical/chemical
pretreatment. Preireaiment removed about 80% of the chemical oxygen demand (COD)
and total Kjeldahl nitrogen (TKN), and 95% of the sulfide was recovered. The remaining
sulfide was oxidized. In spite of this substantial reductijon, the preireated effluent was
still relatively strong waste and was diluted to about 200 mg/l TKN for much of the
experimental work.

The nitrogen removal method selected for study was a single-stage denitrification
svstem with the influent COD used to drive the nitrogen removal (see Figure 1 comtined
nitrification/denitrification). This svsiem constitutes the first three zones of Bardenpho
denitrifjcation [2]. Here the waste is nitrified in the aserobic zone. The majority of ihis
nitrified waste is then recycled to the first anoxic zone, where it is denitrified at an
exogenous rate. Further denitrification is carried out in the second anoxic zone ai a
reduced rate. The first two zones of this system are, in-principle, identjcal to oxidation
ditch-type denitrification systems (e.g., Orbal, Lakeside and Carrousel systems) [3].



Unhairing Physical/Chemical

Eifhient Pietivated Unhuisin
(inafl) Lifuent Gngll)
USRS S N e — —
BODg 14,000 2,600
COD 21,600 4,700
Sulfide (25 ST Au) 2,000 <1
TKN (as N) 3,000 . 420
Aminonia {25 N) 200 60
Niirite (as N) - <1
Nitrate (as N) — <1
Alkalinity (as CaCOj3) 18,000 250

ACTIVEIED SIUDGE

COMEIRED NTRIFICATION/DENITRIFICLTION

mmﬂ WY

Figure 1. Biological treaiments studied.

Operationally, the only major difference is the ratio of the internal recycle rate to the
feed rate. .

Combined nitrification/denitrification systems such as the one under investigation,
possess a number of potential advantages. Because the waste water is the source of
organic carbon for denitrification, no methanol is required. Further niirate recycled to
the front of the system serves as a source of alkalinity and oxvgen, thus reducing the
requirement for each. The major disadvantage of combined systems is the low rate of
denitrification and the consequently large anoxic volume required [5]. The focus of
attention in this presentation will be the factors that affect the rate of denitrification.
The approach taken was to treat nitrate simply as an aliernative to oxvgen in combus-
ting COD. Factors that affect the rate of utilization of the appropriate oxidant were
observed as a laboratory treatment system was expanded from simple activaied sludge
to nitrification and finally to combined nitrification/denitrification.

In the first series of continuous experiments, a simple activated sludge ireatment
scheme was used (see Figure 1). The 10-liter piexiglas acration basin was divided into
five equal stages, approximating plug flow. The hydraulic retention time was 10 hr
bzsed on the nominal feed rate of 1 liter/hr. Each stage was aerated at a rate of 2-2.5
liter/min per liter of basin volume through coarse-fritted glass diffusers. The high
aeration rate was necessary to insure complete suspension of the basin solids. The solids
return was 25-45% of the feed rate. The solids reieniion time for the system (SRT)
was maintained at two days based on the total mixed liguor volume. The clarifier was
a 9-liter plexiglas cylinder with V-notch overflow weirs. The cylinder rested on a magnet-
ic stirring table used to agitate the setiled solids 2-4 sec every minute. Excess solids were
wasted from the clarifier.



In the swwoond wrice of oo ntinum ents, the SRTe, -
to promoie steble niificetion. In crnticiiation of the jesu)d;

inventory, we sdded 3 sccond 10-1es beun, douhl
weie considered 1o comprise a gle sesobic zane.
mio thiee cqual stuges. Excess solids wore T
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Preadon the sence of suhdrate concentretions encountered across the seration hesing

In the last servies of continuous EXPETMENS, two znoxic tzins were #dded 1o the
Geatment scheme, approximating the first three zones of a Beidenpho schieme. The
anoxic basins were covered and sperged with nittogen 1o exclude oxveen. The firg
basin was thiec Jiters and was partitioned into two egual stages. The sccond besin wgg
four liters and single-stzged. The SRT_ was maintsined at 20 Csys as hefore, and &
an infernal recvele siream was emploved to seturn the nitrified mixed liguor to the
front of the processing Jine.

Batch filland-craw coxperiments were conducted concurrent with the two-day SRTq

continuous experiments (Figure 2). The continuous jesctor supplied the source of

'{TAP WATER
{F‘/CWREATED EFFLUENT + POf Figure 2. Schematic for Latch fill-and2-
(ALRETION EASIN SOLIDS experiments.

biomass (volatile suspended solids) for the batch work. The acration basin was rectan-
gular and four liters in working volume. A fritied glass diffuser was used for zeratiop
and mixing as in the continuous work. At the start of each experiment, tap water, P.C.
treated effluent, potassium phesphate and setiled solids from the last seration stage of
the continuous sysiem were added 1o the baich basin. This yjelded 2 mixed Licuor .z
about 500 mg/l volatile suspended solids (VSS), a COD renging from 500-4000 mg/)
a COD to phosphorus ratio of 150:1. After equilibration for 30 minutes, VSS incy
was measured as a function of time over 3 6-hr period. The average of the CODs tzker
at the time of the first and Jast VSS sampling was considered to be the COD during
each experiment.

All of the results reported were obtained at 18-20 C.

THEORY
Substrate Utilization

Substrate utilized and net growth of bjomass can be related as:

(ds/dt) = l/Yg (dx/dt) + mx . ‘ (1}
where (ds/dt) = sate of substrate utilization by the biomass (mgfi~hr)
Yg = vield of biomass on subsirate used for growth (mg/mg)
(dx/dt) = net growth rate of biomass (mg/1"hr)
m = maintenance constant (mg/mg-hr)
X = concentration of biomass (mgfl). - ‘

The constant m may be seen as a lumped parameter related to nongrowth energy
consumption.

The specific growth rate of biomass (1) 1s defined as:
K= (/%) (dx/dt) - o @i
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u = Ks (4)
o= o, SRS (5)
H = }Jmaxl(] + Xs/s + s!Kl) (6)
where K = jate constant (mefmgTin)/me
s - «hsate concentration (me/h)
Lax ~jmum growth 1ate (mg/mg-hr)
Ks = sturation consient (mgfl)
Kl = inhibihien constant (me/D

At substirate concentrations encouniered in the waste treatment field, the first-order
model has often been found satisfactory [9]. Using the first-order mode] and chemical
‘oxyveen Gemand (COD) as ihe muzsuse of growth-limiting suhsirate, we obtain:

(1/x) (ésfdr) = (K/Yg) (COD) + m N

“Thus, the specific rate of utilization can be exprecsed as a linear function of COD. If
siage-io-siage hysteresis can be neglected, Equation 7 czn Le used fo rclate the specific
cubstrate utilization rate 1o the COD at each stage in the basin. Subsirates to be evaluated
are oxygen and nitrate.

System and Local SRT :

In a cempletely mixed treatment sysiem, solids retention time (SRT) is often defined

on the basis of total basin volume

SRTs = x)(Dx'[) (8)
where x' , = 'an-emory of basin volatile suspended solids (mg)
Ax'[A1 = volatile suspended colids wasting rate (mg/hr)

At steady siate, the rate of solids wasting will be equal to the rate of solids productiion
in the treatment basin. Thus,

(po @xjan = Q) BXIBY ©

and
1,‘SRTS# U 16.8] 10

In a stzged system, such as the one studied here, ihe same calculation can be used to
determine an overall system SRT (SRTS) and an overall growth rate (ps). However, in a
staged system, each completely mixed stage is apt to possess a distinct ‘COD and hence 2

distinct Jocal growth rate QuL). A local SRT (SRTL) can thus be defined as:

1/SRTy = 1y

A will be shown, both SRTS and SRTL play an important role in determining the specific
substrate utiilization rate.

RESULTS AND DISCUSSION
Batch Fill-and-Draw -

The results of the batch fill-and-draw experiments are shown in Figure 3. Each point
represents an individual experiment wherein 1n VSS was plotted as 2 function of time.
The slope of the linear portion of the curve obtained is the specific growth rate shown.
The COD is the average soluble COD during the experiment. Over the range.of COD
studied, there is a region where each of the growth rate models is suitable. Below 750 mg/fl
COD the first-order model appears satisfactory. First-order kinetics was therefore assumed
in the continuous work. ’
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The specific growth rate js expressed as a funcijon of CODp—removable COD-rather
{han soluble COD. In tannery waste, not 2ll of the soluble CO% is removable through
biological means [10]. In the continuous experiments conducted concurrent with the baich
study, extrapolations indicated that about 90% of the soluble COD was removable. This
factor is incorporated into the correlation shown.

Activated Sludge at SRTs = 2 Days
Figure 4 shows the Jocal specific oxygen upiake rate (SOURL) as a function of the

Figure 4. Local specific oxygen uptzke rate (SOL‘RL)
as 2 funcuon of removable COD (CODR).

2x10° .
_bo SOUR,: 152x 16°COD, + 162210
1210 &
0 1 1 il !
0 100 200 300 400
©cop, mg/L

removable soluble COD. By use of a linear model:

SOUR, = 1.52x 10¥ CODg + 1.69 % 10 mg/mghr an
1.69 x 107 mg/mg-hr, the maintenance constant, is the rate at which oxygen is consumed
by the VSS at no net growth. The high value obtained at SRTS = 2 days indicates that 2
large fraction of the VSS is active bjomass [11}.”

With this constant, it is possible to use SOURy data and pty data 1o obtain llYg, the
growth yield constant. The substrate utilization equaiion thus obtained is:

SOUR; = - (1/.81)y + 1.69 x 10 mg/mghr

(12)
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Figure 5. Specific COD removal and utilizetion
mo“o ‘I ——«‘E--—_}‘————ﬁ‘—-—-—% rate (CODR and CODU) 2s a function of basin
$1465 KUWBER siage at SRTs = 2 days.

solution at each stage in the basin. The CODU curve is the rate al which COD was utilized.
Poinis on the CODU curve are calculated and are the sum of the COD burned (SOURL)
and the COD converied 1o bicmass (Eguation 13 and 1.48 mg COD/mg biomass).

1n ibe {irst stage COD is removed from solution at sbout twice the rate it is utilized.
It therefore appears {hat a sizeable portion of the unutilized COD is adsorbed by the basin
<olids in the first stage. A complete model for {he design of a mullistage process must
iherefore account for adsorptive effects. Sych adsorption models are heing evaluated.
Fqually significant 1o the direct effect adsorption has on design is the indirect effect of
adsorption on the cubsirate utilization rate. According to the model presented, the substrate
wiilizaiion rate (e.g., SOURL) is a function of the soluble COD and is consequently unaffect-
ed by the concentration of Hdsorbed COD. If so, the adsorption piocess, which lowers the
concentration of COD in solution, indirectly reduces the rate at which substrate will be

vtilized.

Nitrification at SRTg = 20 Days

Before discussing the njtrification results, it is appropriate here 10 mention two changes
made in the composition of the P/C-treated effluent in order to obiain complete stable
nitrification.

Prior to the nitrification experiments, ferTic chloride was added to the P/C-treated effluent
1o oxidize residual sulfide. As a consequence, the effluent contained 200-300 mg/l iron.
Examination of the data revealed that niirification was observed only during periods when
ferric chloride addition was relatively low. The use of this oxidant was therefore discontin-
ved in favor of hydrogen peroxide.

The second change made in composition of the P/C-treated effluent was to increase the
alkalinity by adding sodium bicarbonate (NaHCO3). The alkalinity of P/C-trcated effluent
was found sufficient to support only partial nitfification (ie., a 50% removal of TKN.) In
order to achjeve complete nitrification and provide a residual of 100 mg/! alkalinity as



requised mr good carification of solids, it wes necessary 1o 2dd 2.0 g of NaHCO; jer
Bier of efflucnt. Denitrificstion I\uln(d this requizement 1o 0.6 g.

The results of the 20-day SRTS experiments are shown in the Jewer Lalf of Fizure 6,
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Figure 6. Net specific oxygen uptake rate Figure 7. Measured and calculated nitrate and
(SOUR}) as a function of removable COD nitrite (NO, -N) vtilizstion rate at SRTs =
(CODR) at SRTs = 20 dsys and SRTs = 20 days.
2 days.

The regression line for the 2-day SRT_ work is shown at the top. The ordinate values are
expressed as net SOURLS. These values were calculated as measured Jocal oxygen uptake
rafes less the oxygen consumed in the production of nitrate from ammonia. Across the
range of CODy, encountered, the SOURL for the longer SRT_ is significantly Jower than
that for the shorier SRT_. This reduction in substraie utilizalion rate with increasing SRT
is generally viewed as a reduction in the biological activity of the VSS in the basin solids—
as SRT_is increased the fraction of the VSS that is active biomass decreases. With this
model one would expect the ratio of SObRLs for the two SRT s to be constant across
the COD spectrum. Consequently the slope jor the 20-day SRT. line should be smaller
than that of the 2-day SRT_. The slopes, however, are not significantly different at the
95% confidence level. No sastvsmctory explanation has vet been found for this discrepancy.

In spite of the discrepancy, two clear patierns emerge. First, high SRT., which is
required for nitrification, markedly reduces the rate at which oxygen can’ be utilized. In
particular, at or near maintenance conditions, this rate can be reduced as much as 75%
Second, Jow SRT,, achjevable at the front end of the treatment system through siaomg
can oﬂ’cet much o the Joss in rate encountered by increasing SRT

Denitrification at SRTs = 20 Days

The results of the denitrification experiments are shown in the lower portion of Figure
7. These data are the denitrification rates or the rates of decrease in nitrate and nitrite
measured as nitrogen (NO_-N). In general the ratio of nitrate to nitrite was greater than
10:1 so that this curve is largely representative of the nitrate denitrification. The upper
curve is the SOUR; regression equation obtained in the nitrification experiments expressed
bere in terms of an equijvalent denitrification rate. The conversion from oxvgen to NO_-N
is calculated on an electron equivalent basis, assuming that all the NO -N is nitrate (i.€.,
2.86 mg O,/mg N).

The upper curve provides a means of comparing the *neasu;ed denitrification rates with
those based on nitrification results. As shown at and near the maintenance (endogenous)
level, the measured rate is about half the predicied value. This result agrees with similar
comparisons found in the literature [12,13]. Thus, denitrification rate can be related to
SOUR when compared at the same QRT At }uzher CODR the measured denitrification
rate is about 40% of the predicted values s 7

The maintenance constant for denitrification at SRTs = 20 days is 8.0 x 10™ mg/meg-hr
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1n the context of the B denpho process, these sesults deinoncirate that although it s

‘ ¢ 10 iete of nitogen removal in the { yoxic besin, endogenous
cnitzificetos in the second anoxic besin ¢ infully stow. For this reason
LIRS jeantly largar endegenous basin volume is jeguiied in w1dvr 1o schicve ihe same

Lmount of nitiogen semoval that can be achicved in the fas sniovic beein, The sesults
cugeest that with a high Josd strcam, such as the one studicd here, it mmay be passible 1o

reduce OF climinate the endogenous hesin volume by use of appicprisie fiont end staging.

CONCLUSIONS

The rate of utilization of oxyeen and nitrate hiave been found 1o be a function of
<oluble CODR. In a staged system, sdsorptive effects must be accounted for in order 1o
predict the CODR profile. The rate of uiilization of oxygen and nitrate are adversely
affecied by the high SRTg required for combined nitrification/denitrification. Because the
grcatest portion of the SRTg in combined svstems is that required for nitrification, there
is added importance in deiermining opiimum conditions for nitrification. The 7ate of
uiilizstion of cxygen and nitrate can be enhznced by Jow SRTL. In particular, the rate
of denitrification in combined nitrification/denitrificaiion systems can be enhanced by
appiopriste front end staging.

DISCLAIMER

Refesence to brznd or firm name does not constituie endorsement by the U.S.
Depariment of Agriculture over others of a similar nature not mentioned.
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