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Chlorinated organic compounds resu l t  from ch lor inat ion 
treatment of wastewater. The discharges, containing these com- 
pounds, in to the aquatic environment have resulted in widespread 
concern. Invest igat ions have been conducted on the ef fects of 
these chloro-organics on aquatic l i f e .  Most of the studies,  how- 
ever, have been conducted on zooplankton or higher organisms. 
Only l imi ted information is avai lable concerning the b iotox ic  

i ropert ies of chlor inated ef f luents on phytoplankton populations 
ZILLICH 1972, BRUNGS 1973, GEHRS & JOLLEu 1975). The phyto- 

plankton which const i tu te  the primary t rophic  level can be impor- 
tant  for  the early screening of the t ox i c i t y  of these chlor inated 
organics to aquatic biota.  This study invest igates the ef fects 
of ch lor ine-conta in ing organic compounds formed from the ch lor ina-  
t ion of domestic wastewater of phytoplankton growth. 

MATERIALS 

Instrumentation and Apparatus 
I .  Centr i fuge, Model PR-6 ( In ternat ional  Equipment Company) was 

used to remove the suspended sol ids from the samples. 
2. Freeze-Concentrator. A cooling solut ion bath (H20/30% ethy- 

lene glycol)  was s t i r red  by a sta in less steel propel ler  driven 
at 2000 rpm by a GT21 synchronous motor with con t ro l l e r  (G.K. 
Hel ler Co.). Stobotach was used to check the speed of the 
s t i r r e r .  The cooling solut ion was pumped from a LOW Temptrol 
Unit ,  Model 154 (Precision S~ ien t i f i c  Co.) in to a large plas- 
t i c  container where i t  c i rcu lated around a 4-L beaker contain- 
ing the water sample {HERBES 1974). 

3. GME Model VL Linear Fract ionator (Gilson Medical Electronics,  
Middleton, Wisconsin) equipped with a Model DC Drop Counter. 

4. Beckman Total Carbon Analyzer, Model 915 with an a i r  p u r i f i -  
cation un i t .  

5. Sephadex Gels G-IO (MW, 0-700), G-25 (MW, 1000-5000) and G-50 
(MW, 5000-30,000), (Pharmacia Fine Chemicals, Inc . ) .  

6. Chromatography columns used were K 25/45 equipped with special 
f low adaptors. 
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Reagents 
I .  Chlorine Stock Solution. High pur i t y  chlorine gas (Union Car- 

bide Corporation, Linde Div is ion)  was purged through double 
d i s t i l l e d  water. (6-8 g equivalent Cl /L) .  The stock solut ion 
was stored in a dark glass container at 4C. Working d i lu t ions  
of th is  stock solut ion were prepared and standardized by iodo- 
metric t i t r a t i o n  (APHA 1975) immediately before use. 

2. Water Eluant. Glass doub le-d is t i l led  water was s te r i l i zed  and 
kept at 4C. 

3. Ef f luent Samples. Chlorinated water from the f inal  e f f luent  
and unchlorinated water from the secondary ef f luent  were col- 
lected from the Ann Arbor Wastewater Treatment Plant and were 
stored at 4C. The total  residual chlorine was 2.5 mg/L. The 
same ef f luent  samples were used in a l l  the experiments conduc- 
ted. 

Bioassay Culture Apparatus and Media 
I .  Bellco Side Arm Flasks, 300-mL (Bellco Biological Glassware) 

sealed by cotton plugs. 
2. G-IO Gyrotory Shakers (New Brunswick Sc ien t i f i c  Co., Inc.) 

and shaking baths (Precision Sc ien t i f i c  Co.) provided con- 
tinuous movement of the algal cultures of I I0  cycles per min 
(cpm). 

3. Culture Room. The temperature was kept at 23 + IC. An i l l u -  
mination level of 550 ft-candles was provided by two 40-watt 
f luorescent lamps (General E lect r ic  Co.) and two Sylvania F-40 
Gro-lux l igh ts  for Chlorella pyrenoidosa. Four 40-watt f luor -  
escent lamps (General E lect r ic  Co.) provided 160 ft-candles 
for Anabaena a f f in is .  The lamps were suspended 12 in. above 
the culture f lasks. 

4. A i r - f i l t r a t i o n  Set-up. Swin-Lok membrane holders and Nucleo- 
pore f i l t e r  paper (Nucleopore Corp.) were used to f i l t e r  dry 
a i r  which was provided for C. pyrenoidosa only. Dry com- 
pressed a i r  was passed through s t e r i l e ,  glass-wool f i l t e r s ,  
then through s t e r i l e ,  doub le-d is t i l led  water, and f i n a l l y  
the a i r  was s p l i t  and passed through several culture f lasks 
equipped with the Nucleopore f i l t e r  k i t s .  The a i r  f i l t r a t i o n  
set-up in each f lask consisted of 1 mL disposable syringe and 
#20 needle imbedded in a cotton plug at the mouth of the cul- 
ture f lask. The needles were f lame-ster i l ized before each re- 
insert ion for examination or t u r b i d i t y  measurement. 

5. A Binocular Microscope with Whipple ocular micrometer (Zeiss 
Co.) was used to count cel ls for standard curves and to deter- 
mine the bacteria contamination. 

6. Palmer-Malony (P-M) Nannoplankton Cell (Model IEZ) No. 9851, 
C20, Counting Cell (Arthur H. Thomas Co.) was used for cel l  
counting. 

7. Klett-Summerson Photoelectr ic Colorimeter, Model 900-3 (Klet t  
Mfg. Co., Inc.)  was used to measure cell density using the 
side-arm of the culture f lask.  

8. Growth Media. Modified Osterl ind media was used for C. pyre- 
noidosa [JORGENSON 1962]. The modified ASM-I media (without 
the n i t ra te )  was used for A. a f f i n i s  (STEIN 1973). The stock 
media solut ions were kept at 4C. 
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EXPERIMENTAL PROCEDURES 

A. To study the d i l u t i o n  ef fects  of the f i na l  e f f l uen t  on algal 
growth, f i na l  e f f l uen t  water was cent r i fuged,  f i l t e r e d  and added 
to the medium in d i l u t i o n s  of I0 ,  20, 30 and 40%. The resu l t i ng  
to ta l  volume of each medium was 150 mL. Pure cu l tu re  of A. af f i -  
his was inoculated in to  each medium and incubated at 23C. The 
growth rate was photometr ica l ly  measured and corre lated with d i -  
rect  ce l l  counts. 

B. Experiments to show the comparison of the ch lor inated and un- 
ch lor inated e f f luen ts  on algal growth were conducted. Chlor ina-  
ted and unchlor inated samples were cent r i fuged,  f i l t e r e d  and 
treated with sodium th i osu l f a t e  to remove residual  ch lor ine .  An 
equivalent  amount of sodium th i osu l f a t e  was added to the control  
and unchlor inated samples. The treated samples were concentrated 
by f reeze-concentrat ion methods and added to the growth media 
using 40, 50 and 60% d i l u t i o n  volumes. A pure cu l tu re  of A. af- 
f in is  was inoculated in rep l i ca te  sets. 

C. A study of the response of two d i f f e r e n t  algal species on the 
addi t ion of ch lor inated e f f luen ts  was conducted. The water sam- 
ples were cent r i fuged,  f i l t e r e d  and treated wi th sodium t h i o s u l -  
fate.  The contro ls  were treated s i m i l a r l y .  D i f fe ren t  volumes 
( I0 ,  20, 30, 40 and 50%) of the treated water samples were added 
to the growth media. Inocula of A. aff inis and C. pyrenoidosa 
were added separately.  Growth rates were determined using methods 
as described prev ious ly .  

D. Molecular weight d i s t r i b u t i o n s  of the unchlor inated and 
ch lor inated e f f luen ts  were determined and the ef fec ts  of the 
f rac t ions  on the algal growth were invest igated.  

Unchlorinated and ch lor inated e f f luen ts  were centr i fuged and 
f i l t e r e d .  Sodium th i osu l f a te  was added to the ch lor inated e f f l u -  
ents to remove the residual  ch lor ine .  The unchlor inated and con- 
t r o l  samples were also treated wi th equivalent  amounts of sodium 
t h i o s u l f a t e .  The treated samples were then freeze-concentrated 
and separated in to  d i f f e ren t  molecular weight f rac t ions  by Gel- 
permeation chromatography using Sephadex G-IO, G-25 and G-50 
(MC DONALD & CLESCERI 1973). The resu l t i ng  f rac t ions  from each 
resin were pooled and freeze-concentrated. Total organic carbon 
(TOC) was determined for  each molecular weight f r ac t i on .  Two con- 
cent ra t ion leve ls  of TOC (0.8 and 2.4 mg/L) for  each molecular 
weight f rac t i on  were added in to  separate media. Pure cu l tures of 
both algae (A. aff inis and C. pyrenoidosa) were inoculated in the 
media. Growth was measured by ce l l  counts and K le t t  readings for  
a period of I0 days. 

RESULTS AND DISCUSSION 

The response of the algae to the ch lor inated and unch lo r i -  
nated sample addi t ions wa~ determined by growth rate ca lcu la -  
t ions .  The rates (K,day- ' )  were calculated by using a l i nea r  
regression technique of those points of the curve representing 
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the log phase of growth. Each growth rate experiment was sub- 
jected to s t a t i s t i c a l  analysis using the comparison of two 
slopes. Analysis of co-variance using student 's  T d i s t r i b u t i o n  
for  small samples was employed. Based on th i s  technique the 90% 
confidence in te rva l  was selected. The data were subjected to the 
Un ive rs i t y  of Michigan MTS MIDAS Program for  measurement of the 
s ign i f i cance  of the d i f ference in firowth rates obtained from the 
cont ro ls  and the treated cu l tu res .  

A. Effect  of D i l u t i on  of the Final Sewage Treatment Plant E f f l u -  
ent of Algal Growth. 

The ef fec ts  of the d i f f e ren t  d i l u t i o n s  of the e f f luen ts  on 
the growth of A. a f f i n i s  are shown in Table 1 Each d i l u t i o n  
shows i n h i b i t o r y  e f fec ts  which could be associated wi th the chlo-  
r i na t i on  treatment of  the e f f l uen t .  Mean growth rates were calcu- 
lated for  each d i l u t i o n  covering the 9-15 day period of log phase 
growth. 

TABLE 1 

Effect  of Final Sewage Ef f luent  on the 
Growth Rate of Anabaena Affinis 

Percentage by Volume of  Mean Growth Rate Cell Counts/mL x 
Sewage Ef f luent  Added to 
~4odified ASM Medium K (day - I )  106 at 15th day_ 

I0 0.060 + 0.007 6.2 

20 0.074 + 0.007 5.6 

30 0.062 + 0.006 4.7 

40 0.059 + 0.004 3.8 

Control (Modif ied ASM 0.095 + 0.005 7.8 
Medium alone) 

The tox ic  e f fec ts  could be due to the residual  ch lo r ine  and 
other compounds in the e f f l uen t .  This residual  ch lo r ine  was not 
destroyed p r i o r  to the bioassay experiments. BROOK & BAKER (1972) 
reported that  0.32 ml/L C19 depressed photosynthesis and resp i ra-  
t ion  of freshwater phytopl~nkton by 50%. CARPENTER et a l .  (1972) 
found that  0.4 mg/L residual C12 decreased primary p roduc t i v i t y  by 
83%. I t  is  evident from the experiments of TSAI & BRUNGS (1976) 
that  residual  ch lo r ine  in the ch lor inated e f f l uen ts  have ef fec ts  
on aquatic l i f e .  Table 1 also shows the e f fec t  of the d i l u t i o n s  
of ch lor ina ted sewage e f f l uen t  on the growth of A. a f f i n i s  on the 
15th day. The ce l l  concentrat ion decreased as the amount of  ef-  
f l uen t  increased and at 40% d i l u t i o n ,  a considerable reduct ion of 
ce l l  counts was observed. This ind icates that  t o x i c i t y  is d i r ec t -  
l y  proport ional  to the amount of  ch lor inated e f f l uen t  in the me- 
dia. 
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B. Comparison Study of the Effects on Algal Growth of Ch lo r i -  
nated and Unchlorinated Ef f luents .  

D i f fe ren t  d i l u t i o n s  of both ch lor inated and unchlor inated 
e f f luents  were added to the algal media. This t ime, the r es i -  
dual ch lor ine  in the e f f luen ts  was destroyed p r io r  to the b io-  
assay experiments. Table 2 shows the resu l ts  fo r  A. affinis. 

TABLE 2 

Effect  of Chlor inated vs. Unchlorinated Ef f luent  
on the Growth Rate of Anabaena Affinis 

Percentage by Volume 
of Sewage Ef f luent  Added 
to Modified ASM Medium 

40 

50 

60 

Growth R~e Growth R~e 
K ( d a y -  K (day 
Chlor inated Unchlorinated 
Ef f luent  Ef f luent  

0.064 + .005 0.074 + .008 

0.074 + .003 0.082 + .009 

0.073 + .004 0.088 + .006 

Control K = 0.060 + 0.004 

St imulatory ef fects  of both ch lor inated and unchlor inated ef-  
f l uen ts ,  which were observed, can be a t t r i bu ted  to the presence 
of nu t r ien ts  in the e f f luen ts  (MC DONALD & CLESCERI 1973, SACHDEV 
& CLESCERI 1978, CLESCERI et a l .  1973) not ava i lab le  in the con- 
t r o l .  The s i g n i f i c a n t  d i f ference between the ch lor inated and un- 
ch lor inated effl~uents could be associated wi th the i n h i b i t o r y  ef-  
fects of  organo-chlor ine compounds that  could be formed during 
ch lo r i na t i on  treatment. KOPPERMAN et a l .  (1974) and CARLSON & 
CAPLE (1975) conducted experiments on the ef fects  of chloro com- 
pounds on Daphnia magna and found that  the t o x i c i t y  general ly  in -  
creased wi th increasing ch lor ine  concentrat ion associated with or-  
ganic compounds. SIKKA & BUTLER (1977) stated that  ch lor ine-con-  
ta in ing  compounds present in sewage e f f luen ts  may be more tox ic  to 
phytoplankton than the parent compounds that  would be present in 
the e f f l uen t  p r io r  to ch lo r i na t i on .  

C. Comparison Study of the Effects of Chlor inated Ef f luents  on 
Algal Species. 

Growth rate curves at I0 ,  20, 30, 40 and 50% d i l u t i o n  volumes 
of ch lor inated e f f luen ts  on a. pyrenoidosa and A. affinis are com- 
pared in Table 3. 

S t a t i s t i c a l  analysis shows s i g n i f i c a n t  d i f ferences between the 
growth rates of the two algae. This d i f ference is exh ib i ted in 
a l l  concentrat ions of the added d i l u t i o n s .  Comparison wi th the 
control  shows a general enhancement of growth for  A. affinis but 
tox ic  ef fects  on the growth of C. pyrenoidosa. There is no imme- 
d iate explanat ion for  these observations other than to state that  
the growth of these algae is se lec t ive  and dependent on t h e i r  
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physiology. SIKY4~ & BUTLER (1977) stated that  the e f fec t  of 
ch loro-organic compounds present in the e f f l uen t  of sewage t rea t -  
ment plants showed d i f f e r e n t  e f fects  on the growth of phytoplank- 
ton depending on the species. 

TABLE 3 

Comparison of the Effects of Chlor inated Ef f luents  on the 
Growth of Anabaena Affin~s and Chlorella Pyrenoidosa 

Percentage of Sewage Ef f luent  
Added to Respective Medium 

I0 0.084 + .004 

20 0.072 + .004 

30 0.078 + .003 

40 0.075 + .009 

50 0.069 + .012 

Control 0.067 + .005 

Growth Rate, K (day - I )  
Anabaena Chlorella 
A~inis .Pyrenoidosa 

0.030 + 002 

0.034 + 002 

0.037 + 002 

0.037 + 004 

0.045 + 003 

0.081 + 007 

D. Study of the Effects of D i f fe ren t  Molecular Weight Fract ions 
of  Chlor inated and Unchlorinated Organics on Algal Growth. 

The concentrat ion of carbon in the f rac t ions  can be re lated 
to growth enhancement when carbon is considered as a nu t r i en t  
source required fo r  algal product ion. Two concentrat ion levels  of 
TOC, 0.8 and 2.4 mg/L C, were selected for  the experiments. Com- 
parison of  the growth response of both algae of d i f f e r e n t  molecu- 
la r  weight groups of  ch loro-organic compounds are shown in T a b l e  
4. S t a t i s t i c a l  analys is  of the data resul ted in the fo l lowing ob- 
servat ions:  

I .  For both species, TOC levels  showed a d i f ference in t h e i r  
growth rate only with the G-50 unchlor inated f rac t ions ,  

2. At both TOC leve ls  a lower growth rate fo r  C. pyrenoidosa 
with the G-50 ch lor inated f rac t ion  than with the unch lo r i -  
nated f rac t ion  was observed. 

3. The A. affinis experiments indicated no trends when com- 
paring growth rates among the molecular size f rac t ions  in 
both ch lor inated and unchlor inated f rac t ions .  

4. In a l l  cases, a general trend is observed with the un~ 
ch lor inated f rac t ions  which exh ib i ted higher growth rates 
than the ch lor inated f rac t i ons .  

5. Growth rates of C. pyrenoidosa increased as the unch lo r i -  
nated molecular weight f rac t ions  increased. This shows a 
marked d i f ference from the growth rate of A, affinis which 
did not show any trends. 

6. No i n h i b i t o r y  e f fec ts  due to the d i f f e r e n t  molecular 
weight f rac t ions  were observed, suggesting that  the tox ic  
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compounds affect ing the growth rate of C. pyrenoidosa are 
of higher molecular weights (>30,000). 

These observations indicate that f ract ionat ion may remove 
some toxic materials which results in growth enhancement for the 
algal bioassay experiments. I t  is also possible that the toxic 
materials could be those of the higher molecular weight size frac- 
t ions larger than 30,000, which were not tested in th is work~ 

TABLE 4 

Comparison of Algal Growth in Media Containinq 
Dif ferent Molecular Weight Fractions of Organic Compounds 

Fraction 

G-IO 0 

G-25 0 

G-50 0 

K (day - I )  
0.8 mg/L TOC 

Chlorinated Fractions 

K (day - l  ) 
2.4 mg/L TOC 

Chlorinated Fractions 

Anabaena Chlorella Anabaena Chlorella 
Affinis Pyrenoidosa Af~inis Pyrenoidosa 

.067 + .003 0.090 + .011 0.071 + .006 0.105 + .014 

.066 + .003 O.lOl + .007 0.065 + .004 0.095 + .006 

.064 + .006 0.I09 + .014 0.065 + .003 O.llO + .OlO 

G-IO 0.069 + .005 0.091 + .006 0.065 + .003 0.112 + .011 

G-25 0.076 + .004 0.106 + .014 0.063 + .003 0.106 + .010 
. - -  u 

G-50 0.069 + .004 0.123 + .009 0.080 + .010 0.145 + .008 

Control: Anabaena af f in is :  K (dav - I )  = 0.066 + .004 

Chlorella pyrenoidosa: K (day - I )  = 0,I08 + .008 

This study has shown that the major contr ibut ion for the 
growth inh ib i t ion  of algae in the receivinq waters of wastewater 
treatment plants can be at t r ibuted to the tota l  residual chlorine 
in the ef f luents.  I t  is also suggested that upon removal of the 
residual chlor ine, the inh ib i to ry  effects could be due to the 
chloro-organic compounds which are produced during the chlor ina- 
t ion treatment of the ef f luents.  Extrapolations of the resul ts of 
th is study to the natural environment need to consider that the 
contents of the eff luents change during short time intervals and 
that the natural algal population in the receiving waters consists 
of diverse species. 
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